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    ABSTRACT 
The reversible absorption of CO2 by CaO at high temperature is a promising method 
for capturing and removing CO2 from a hot gas stream. The main challenge facing the use of 
this method is the deterioration of CO2 absorption capacity when the method is applied over 
a large number of CO2 absorption/desorption cycles. Although various techniques have been 
proposed for improving the cyclic stability and performance of calcium based sorbents,         
a cost effective method is still needed for industrial applications. Therefore, two promising 
methods for improving the cyclic stability were selected for further investigation.              
One method is to optimize the preparation conditions applied to various particle sizes of CaO 
precursors while the second method involves incorporating an inert material, MgO, in the 
sorbent. While applying the first method, it was discovered that the absorption capacity      
and stability of a sorbent derived from limestone is dependent on many factors including     
the initial calcination atmosphere, temperature and time as well as particle size. It was     
found that both the absorption capacity and stability were greater for a sorbent derived from 
11 µm limestone particles than for one derived from a much coarser material. It was also 
found that by calcining the 11 µm limestone at 1000oC for 1 hr in 50 vol% CO2, the resulting 
sorbent had an initial absorption capacity of 7 mmol CO2/g sorbent which only declined to                                    
6.3 mmol CO2/g sorbent over 80 cycles of CO2 absorption/regeneration. A sorbent prepared 
by calcining calcium acetate at 1000oC for 1 hr in an atmosphere containing from 50 to   
100% CO2 exhibited the highest absorption capacity among the materials tested. It was also 
reasonably stable over 40 cycles tested. 
One of the most promising sorbents was prepared from plaster of Paris (calcium  
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sulphate hemihydrate) by treating the material with a cyclic oxidation/reduction process at 
1070oC. This sorbent exhibited an increasing trend in absorption capacity throughout a 200 
cycle test of CO2 absorption and desorption. 
For the second method for improving the cyclic stability of the sorbent, small 
amounts of MgO were incorporated in a sorbent as an inert diluent and structural stabilizer. It 
appeared that addition of MgO improved the performance of the sorbent in some cases 
depending on both the source of MgO and calcination conditions. However, this method did 
not seem to offer an advantage over the use of dolomite (calcium magnesium carbonate) 
alone, especially when the particle size of the dolomite was reduced by grinding so that        
it was more nearly comparable to that of the 11 µm limestone. A sorbent prepared by 
calcining the ground dolomite at 1000oC for 1 hr in N2 had an absorption capacity in excess 
of 8 mmol CO2/g sorbent over 80 cycles of CO2 absorption/desorption.  
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                                                           INTRODUCTION 
Carbon dioxide (CO2) is a major component of greenhouse gases, and the increasing 
concentration of CO2 in the atmosphere is believed to be the main reason for global 
warming.1 The amount of the carbon dioxide in the atmosphere is increasing because of the 
combustion of fossil fuels. However, unless cleaner and more efficient alternative energy 
systems are developed, fossil fuel combustion systems will still be used to meet the energy 
demand of the future. The atmospheric carbon dioxide concentration will continue to 
increase, if applicable methods for reducing such emissions are not developed.  
Carbon capture and sequestration (CCS) is the most important and cost-effective 
option for mitigating CO2 emissions.2 Other options for reducing carbon dioxide emissions 
are reducing fuel consumption, using more energy efficient processes, and choosing 
renewable sources of energy. However, the increasing population of the world will intensify 
energy consumption so decreasing fuel consumption is probably not an option and the other 
options are generally limited. Thus, carbon capture and sequestration seems to be the most 
promising method. CCS can be defined as a method by which CO2 is captured from flue 
gases, and then stored in underground geological formations3 or in the ocean4. It is well 
known that transporting and storing a dilute stream of CO2 is costly compared to handling a 
more concentrated stream. Therefore, an efficient process for capturing and producing a 
concentrated stream of CO2 is needed.   
Recently, new methods for enhancing current techniques have been proposed for 
carbon dioxide capture. The main methods for capturing CO2 from flue gases are cryogenic 
fractionation5, membrane separation6, solvent absorption7, and either physical or chemical 
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sorption on solid surfaces8. Cryogenic fractionation is not preferred for CO2 separation from 
flue gases because of high energy requirements. Membrane separation systems are highly 
efficient and have been employed for the separation of CO2, but due to their complexity, high 
energy cost, and limited performance, membrane systems are not entirely well suited. On the 
other hand, solvent absorption using various solvents, for instance, Selexol9 as a physical 
solvent or mono-ethanol amine (MEA)10 as a chemical solvent, is well established.  
Especially, solvent absorption based on the use of an amine is a commercially available 
method for CO2 separation. Nevertheless, severe energy penalties and the high cost of the 
system are significant disadvantages of the method.11 The high cost of the system is related to 
the low concentration of CO2
 
in the flue gas at atmospheric pressure and low temperature   
(40 - 150oC) required for absorption and solvent recovery. 
The disadvantages of the methods for CO2 capture discussed above have led to the 
development of new methods. One of the most promising is based on the reversible 
absorption of CO2 on specific metal oxides at high temperature. Sorbents based on the oxides 
of calcium12, potassium13, lithium14, sodium15 and magnesium16 have been reported in the 
literature. Among these, CaO-based sorbents have attracted the most attention owing to their 
higher absorption capacity, high selectivity for CO2, wide availability, and low cost.   
CaO-based sorbents are appropriate for carbon dioxide separation because they meet 
most of the requirements described above. Besides, the energy released by the high 
temperature exothermic absorption reaction can be used more effectively than the heat 
released by a low temperature reaction system. The main challenge facing the use of a     
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CaO-based sorbent is the tendency for the sorbent to suffer a loss in capacity as it is 
repeatedly loaded and regenerated.   
CaO can be derived from different precursors such as limestone17, dolomite18, 
calcium acetate19 and calcium sulphate hemihydrate20. The most common CaO precursors are 
limestone and dolomite because of their availability and low cost. After the limestone or 
dolomite is calcined, the CaO produced reacts with CO2 from combustion or gasification, and 
the CaCO3 formed is then calcined to recover CO2 in high concentration. The cycle of 
calcination and carbonation is repeated over and over. For such a process two fluidized beds 
are employed. Calcination is performed in one fluidized bed (the calciner) and then the 
calcined material is transferred to a second fluidized bed (the carbonator). The ease with 
which a particulate material, such as the sorbent, can be transferred from one fluidized bed to 
another and reacted in two different environments is another advantage of the CaO-based 
material.  
                               Calcination/Carbonation Reactions 
The CaO carbonation reaction is a reversible gas-solid reaction between CaO(s) and 
CO2(g) which is shown below. 
CaO(s) + CO2(g) ⇆ CaCO3(s) ∆H25oC = -175 kj/mol      (1)
 The forward reaction is exothermic whereas the reverse reaction which is referred to 
as the calcination reaction is endothermic. While the reaction between CaO and CO2 can be 
used for absorbing CO2 from a stream of gases, the reverse reaction is a promising method 
for producing nearly pure CO2. An ideal sorbent should be capable of withstanding a very 
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large number of carbonation and calcination cycles. In searching for such a material, sorbents 
derived from different CaO precursors have been subjected to different preparation methods 
and conditions. The efficiency of the carbonation reaction depends on both the equilibrium 
between the reactants and the reaction kinetics. The amount of CO2 captured by the 
carbonation reaction is reflected by the weight change of the sorbent. Thermogravimetric 
analysis (TGA) is generally employed for the experimental determination of the cyclic 
absorption/desorption behavior of the sorbent. Theoretically, if equimolar amounts of 
calcium oxide and carbon dioxide react, the quantity of CO2 absorbed will be                   
0.785 g CO2/g CaO. Under equilibrium conditions, reaction 1 will generate a CO2 partial 
pressure of 1.0 atm at 900oC. By controlling the partial pressure of CO2 in contact with the 
sorbent, the reaction can be made to go either forward or backward. The actual rate of the 
reaction will depend on the reaction mechanism, and the rate will also depend on the 
temperature and the accessibility of the solid reactants. Some studies have shown that the 
absorption capacity of CaO-based sorbents declines with usage which may be caused by 
sintering.18 
Based on the equation from Kubaschewski and Evans21, the partial pressure of CO2 in 
equilibrium with a CaO-based sorbent has been determined and plotted against 104/T(oK) in 
Figure 1. This shows that the partial pressure of CO2 increases with increasing temperature, 
and the graph provides a convenient means for estimating the minimum calcination 
temperature for achieving a specific CO2 partial pressure. The equilibrium temperature for 
calcination can be reduced by diluting the CO2 in contact with the sorbent with nitrogen or 
other inert gases. This method of controlling the CO2 partial pressure has made it possible to  
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Figure 1. The equilibrium vapor pressure of CO2 over CaO as a function of temperature. 
 
conduct the calcination and carbonation reactions at the same temperature during an 
experimental investigation. Otherwise, if it becomes necessary to subject the sorbent to 
heating and cooling during each cycle, testing over many cycles becomes extremely time 
consuming.   
It was observed previously that the carbonation reaction proceeds through two 
reaction stages; a very rapid, kinetically controlled initial stage followed by a slower 
diffusion-controlled second stage.22 The rapid surface reaction between CaO and CO2 leads 
to the formation of a CaCO3 product layer which shields the sorbent surface and slows the 
flow of CO2 to the unreacted calcium oxide core in the second stage. The formation of the 
CaCO3 layer also may block small pores which hampers the carbon dioxide diffusion.23 
Figure 2 represents one experimental cycle of absorption/desorption performed in a 
thermogravimetric analyzer. This figure shows an initial, kinetically-controlled, fast  
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Figure 2. A cycle of CO2 absorption and desorption observed by TGA.  
 
absorption step followed by a slow diffusion-controlled step and then a rapid calcination-step 
where absorbed CO2 is released.  
                                 Carbon dioxide Capture Processes 
The application of the calcination/carbonation reactions in various industrial 
processes such as coal gasification24, steam methane reforming25, chemical heat pump26 and 
energy storage27 has been reported. 
Pre-combustion, post-combustion and oxygen combustion systems that capture CO2 
may have a competitive advantage over current systems that do not provide for CO2 capture. 
CaO, derived from various precursors, can be used as a sorbent for CO2 in both pre-
combustion and post combustion systems. 
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A pre-combustion system for capturing CO2 is applicable for coal gasification plants 
in which CO2 is removed from the coal gas before it is burned to generate power.28 Figure 3 
is a schematic diagram for an integrated coal gasification, carbon dioxide separation, and 
power generation system. By heating coal with steam and oxygen under pressure, it is 
converted into a gaseous mixture known as syngas consisting of carbon monoxide, hydrogen 
and some carbon dioxide. The syngas is fed to a water-gas shift reactor where the carbon 
monoxide is reacted with steam, and more hydrogen and carbon dioxide are produced. This is 
followed by a separation process in which a CaO-based sorbent could be utilized to capture 
the carbon dioxide. The remaining high purity hydrogen is fed to a combustion turbine or 
alternatively to fuel cells to produce electricity. An important process under development for 
converting coal into gas (syngas) which is then used to generate power has become known as 
an integrated gasification combined cycle (IGCC) process. Studies on the pre-combustion 
removal of CO2 applicable to IGCC systems have been proceeding to improve the efficiency 
and lower the cost.29  
 
Figure 3. Schematic diagram of an integrated coal gasification, CO2 separation, and power generation 
system.  
 
In post combustion systems, the combustion of fossil fuels is followed by the capture 
and separation of CO2. Many methods can be utilized for capturing CO2 including physical 
and chemical absorption. The flue gases leaving the combustion chamber are commonly 
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passed through a chemical absorbent such as MEA. The low pressure and carbon dioxide 
concentration (less than 15 vol%) inhibit the development of a cost-effective process. 
Furthermore, an energy penalty is the main challenge faced by post-combustion systems. 
Consequently, when the cost of the CO2 capture is compared for pre-combustion and post-
combustion systems, it is conceivable that a pre-combustion system is a lower-cost option 
because it provides a higher carbon dioxide concentration. 
In an oxygen-combustion system, fossil fuels are burned with pure oxygen instead of 
air to produce a mixture consisting of almost pure carbon dioxide and water vapor. To 
separate these two products, water can be condensed and separated from the carbon dioxide. 
Such systems have many advantages such as the ease of CO2 separation. However, the 
oxygen that is used to burn the fossil fuel has to be separated first from the air and this 
requires a large amount of energy. In addition there are other complications with oxygen-
combustion systems. 
CO2 Capture for Hydrogen Production 
Hydrogen is an energy carrier and essential chemical for various applications. Large 
amounts of hydrogen are required, especially for production of ammonia and methanol. 
There are many other processes where hydrogen is required and utilized. The hydrogen fuel 
cell is a flourishing technology that employs hydrogen for the production of electricity. This 
technology is being adapted for transportation vehicles, especially for a hydrogen fuel cell 
car. Such technology presents many advantages for the environment and economy. As 
distinct from the coal gasification method that was discussed above, hydrogen can also be 
produced by the steam-methane reforming reaction which is the most common, efficient and 
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economical method for producing pure hydrogen. The steam-methane reforming reaction is 
given by: 
CH4 + H2O ⇆ CO + 3H2  ∆H25oC = 206 kJ/mol     (2) 
Since the steam-methane reaction is endothermic, it proceeds to completion at high 
temperatures (600-850oC), and it is usually carried out in the presence of a nickel catalyst. 
The products of the reforming reaction are carbon monoxide and hydrogen. The carbon 
monoxide is subsequently reacted with steam to recover additional hydrogen.  
CO + H2O ⇆ H2
 
+ CO2  ∆H25oC = -41 kj/mol               (3) 
Reaction 3 called the water-gas shift reaction is mildly exothermic. A two step 
process consisting of a high temperature shift (HTS) reaction at 350oC and a low temperature 
shift (LTS) reaction at 180-210oC, is carried out in the presence of different catalysts.  
As explained before, a CaO-based sorbent can be utilized with the preceding 
reactions to facilitate hydrogen production and also increase the overall thermodynamic 
efficiency of hydrogen production which is ordinarily between 70 - 85%. As noted 
previously CO2 reacts with CaO as follows.  
CaO + CO2 ⇆ CaCO3   ∆H25oC = -175 kJ/mol                                       (4) 
By simultaneously employing the steam-methane reforming reaction, water-gas shift 
reaction and carbonation reaction the overall efficiency of producing hydrogen from methane 
can be improved significantly while producing essentially pure hydrogen.    
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                                      CO2 Capacity Deterioration 
Calcined limestone is an appropriate candidate for capturing carbon dioxide at high 
temperatures, and the calcination reaction provides the means for producing pure carbon 
dioxide, but a sorbent must be capable of enduring many carbonation/calcination cycles. 
Therefore, the absorption capacity of the material should be stable for the service conditions. 
However, previous research has shown that a Ca-based sorbent, specifically CaO derived 
from limestone and dolomite, will undergo a decay of carbon dioxide absorption capacity 
when subjected to a cyclic carbonation and calcination process.30 Barker31 also observed that 
while calcium carbonate always decomposes completely to calcium oxide, the absorption 
capacity of the material falls dramatically with an increasing number of cycles. The 
decreasing carbonation capacity has been associated with sorbent sintering which causes a 
loss of surface area and small pores.32,33 As indicated before the absorption of CO2 undergoes 
a fast initial reaction stage followed by a slower stage controlled by diffusion in the product 
layer of calcium carbonate. Abanades et al.34 proposed the following equation to estimate the 
decay of carbon dioxide absorption capacity of limestone sorbents: 
XN=fmN( 1 – fw
 
) + fw
          
(5) 
where fm=0.77 and fw=0.17 are two parameters for natural limestone, and XN is carbonation 
conversion after N cycles.  
Therefore, as a result of decreasing carbon dioxide absorption capacity, more fresh 
sorbent is needed to continue efficient capture of CO2. Consequently, the cost of an 
absorption process will rise, and more spent sorbent will need to be removed from the 
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system.  Replenishing the sorbent is more complex when the sorbent is mixed with a catalyst. 
For example, calcium oxide may be mixed with a catalyst for the steam-methane reforming 
reaction, and as the sorbent is replaced it has to be separated from the catalyst. Therefore, 
more research is required to develop a CaO-based sorbent that has a very long life. It is well 
know that certain sorbent properties and presence of impurities have an important effect on 
the capacity and stability of the sorbent.35 Consequently various calcium oxide precursors 
have been studied to determine their effect on sorbent performance. Also the following 
methods have been suggested for improving the cyclic absorption/desorption performance of 
Ca-based sorbents: incorporation of an inert material36, steam hydration37, and thermal 
pretreatment38. 
                                             Research Approach 
Although various techniques have been proposed for improving the cyclic stability 
and performance of calcium based sorbents, a cost effective method is still needed for 
industrial applications. Therefore, two promising approaches were chosen for further 
investigation. One approach was to optimize the calcination conditions applied to limestone 
and dolomite. Therefore, different calcination temperatures, times, atmospheres and particle 
sizes were utilized in order to determine the best conditions for stabilizing the sorbent. The 
second approach involved incorporating an inert material, MgO, in the sorbent. Two different 
mixing methods, dry mixing and wet mixing, were investigated. MgO was selected because 
of its high Tammann temperature (1400oC) and because it would not react with CO2 under 
usage conditions. The Tammann temperature is approximately half of the melting point39, 
and it is considered to be the minimum temperature where sintering occurs. The Tammann 
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temperature of CaO is 1285oC, whereas the Tammann temperature of CaCO3 is only 412oC. 
Therefore, the fully loaded sorbent would likely sinter when present above this temperature. 
It was hoped that by having the inert MgO present, it would suppress CaCO3 sintering. To 
study the effect of the potential sintering suppressant, various concentrations of MgO were 
incorporated in the sorbent. Also dolomite which would provide a natural mixture of CaO 
and MgO, was utilized for part of the investigation.  In addition to these approaches other 
CaO precursors were investigated including calcium acetate and plaster of Paris. 
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                                                      LITERATURE REVIEW 
                            The Optimization of Calcination Conditions 
Thermally pretreated sorbents for CO2 have been reported previously in the literature. 
The thermal pretreatment of CaO-based sorbents at different temperatures (800 - 1300oC) 
and for different time periods (6 – 48 hr) under a nitrogen atmosphere was reported by 
Manovic and Anthony.38 The pretreated sorbent was tested by a cyclic process conducted at 
800oC in which the sorbent was carbonated with 50 vol% CO2 for 30 min and regenerated 
with 100 vol% N2 for 10 min in a TGA. Interestingly, the powder samples (<50 µm) that had 
been pretreated at 1000oC or more for 6 to 24 hr, exhibited the effect of self-reactivation over 
30 cycles. In other words, the carbonation conversion kept increasing from cycle to cycle 
over 30 cycles and by the end of the thirtieth cycle, the carbonation had reached ~50%, 
whereas the carbonation of an untreated sorbent was about half that amount. Consequently, 
the results demonstrated that thermal pretreatment succeeded in enhancing sorbent 
performance. To explain the favorable effect of thermal pretreatment and the self-reactivation 
effect which is the term used for explaining an increasing trend in CO2 absorption capacity, 
they proposed a pore skeleton model which is presented in Figure 4. According to this model, 
two different types of mass transfer occur simultaneously during a cyclic test. One is bulk 
diffusion depending on the formation/decomposition of CaCO3, while the other is ion 
diffusion in CaO which stabilizes the crystal structure of CaO and does not have an effect on 
particle morphology. Therefore, two types of structure are formed during a cyclic test, an 
external structure and an internal structure. The external structure described as a soft 
structure that lines the pores within a particle and is exposed to the gas phase. The major  
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Figure 4. Schematic presentation of the pore skeleton model. Taken from Manovic and Anthony.38 
 
changes in sorbent morphology occur in this structure due to bulk diffusion. The internal 
structure which is much harder provides stabilization. The internal structure is formed by ion 
diffusion within the CaO crystal phase during calcination. After the decomposition of CaCO3 
is complete, ion diffusion can continue leading to increased stabilization of the structure. 
Carbonization takes place in the soft external structure which may either keep increasing or 
decreasing from cycle to cycle depending on reaction conditions.  
 Manovic et al.40 also examined the effects of realistic calcination conditions on the 
sorbent structure. Two different sorbents, Havelock limestone (3% MgO) and Katowice 
limestone (98% CaCO3), were exposed to different calcination conditions. Calcination was 
conducted in an atmosphere of N2 at lower temperatures and an atmosphere of CO2 at higher 
temperatures. SEM analysis showed that a sample calcined in pure CO2 had larger CaO     
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sub-grains. Furthermore, particles which had been calcined under CO2 at a higher 
temperature underwent more densification when subjected subsequently to a cyclic process 
of absorption and regeneration. It was also reported that impurities caused local melting of 
the particle surface. The melted areas were subjected to elemental analysis, and larger 
amounts of SiO2 were found in highly melted areas. The loss of activity of a sorbent calcined 
at higher temperature and under CO2 partial pressure was attributed to the formation of larger 
CaO sub-grains and locally melted areas caused by impurities and to densification of 
particles. To test the results, samples calcined at different conditions were tested isothermally 
at 800oC by thermogravimetric analysis using 100 vol% N2 for calcination and 50% CO2 in 
nitrogen for carbonation. As expected, the samples calcined at higher temperature and under 
CO2 exhibited lower carbonation conversions. However, this dependency continued for only 
5 cycles with Katowiche limestone. After that, the carbonation conversion of the limestone 
calcined at high temperature under 100 vol% CO2, began to increase which was attributed to 
self-reactivation.   
 The self reactivation effect after pretreatment had only been seen with powdered 
samples. However, it was important to use the sorbent in FBC systems where larger particle 
size material was needed. Thus, Manovic et al.41 continued to study the effects of thermal 
pretreatment on different limestones and under a variety of calcination conditions to generate 
the self-reactivation effect with larger particle sizes. Three different limestone samples were 
chosen that included Kelly Rock (300-425 µm), La Blanca (400-600 µm) and Katowice 
(400-800 µm). In contrast to the previous work done by them where 100 vol% N2 was used 
during the calcination, they indicated that calcination carried out under 100 vol% CO2 was 
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more beneficial and caused self-reactivation during the early absorption/desorption cycles. 
Nevertheless, La Blanca again experienced more sintering and did not show any 
improvement as a consequence of the pretreatment.  
 As indicated above, the thermally pretreated La Blanca limestone exhibited poorer 
performance compared to Kelly Rock and Katowice limestones. Therefore, this sorbent was 
carefully investigated to explain its poorer performance.35 To carefully investigate the 
behavior of the sorbent, an elemental composition of high purity La Blanca limestone was 
obtained. This indicated a relatively large amount of Na and relatively small amounts of Si 
and Al. Further experimental work showed that a high content of Na caused sintering and 
loss of activity depending on the number of calcination/carbonation cycles. Furthermore, an 
Al-doped La Blanca sample exhibited better conversion and the self-reactivation effect. 
Thus, the chemical composition of the limestone with respect to certain impurities was noted 
as an important parameter that can determine the behavior of the material under different 
conditions of usage.    
 The effect of temperature on the decomposition rate of limestone particles            
(0.25 - 0.5 mm) in a CO2 atmosphere was investigated in a continuously operating fluidized 
bed. Wang et al.42 employed various temperatures from 920oC to 1020oC and 100 vol% CO2 
for calcination of limestone with the average residence time of 70 min in a fluidized bed.  
The results showed that during calcination the CaCO3 decomposition rate increased with 
temperature. For instance, during calcination at 920oC a 73% conversion was achieved 
whereas at 1020oC a conversion of 95% was achieved.   
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                                     Incorporation of Inert Materials 
Magnesium oxide and other inert materials have been incorporated in calcium oxide 
to increase the stability of the sorbent and its absorption capacity. In a study conducted by   
Li et al.43, two primary materials, CaO or CaCO3, were mixed with aluminum nitrate 
enneahydrate in a mixture of 2-propanol and distilled water followed by calcination to 
generate a Ca12Al14O44 phase. The sorbent with this phase was subjected to a cyclic process 
where each cycle included 30 min of carbonation at 690oC with 14 vol% CO2 followed by   
10 min of calcination at 850oC with pure N2. The results showed that the presence of the 
Ca12Al14O44 phase improved the cyclic stability and CO2 absorption capacity of the sorbent. 
In their later work44, a 25/75 weight ratio of Ca12Al14O33 to CaO was reported to be the 
optimum composition for the sorbent. The cyclic behavior of the calcined mixture was 
investigated by thermogravimetric analysis. Each cycle included carbonation at 700oC, and 
calcination 850oC. After 50 cycles the CO2 capture capacity under these conditions was      
41 wt% CO2. The prepared sorbent also showed an improvement in CO2 capture and cyclic 
stability in other investigations.45,46 Chen et al.47 continued the work of Li et al.43 by 
combining CaO with an organic alumina precursor. In their work, aluminum isopropoxide 
was chosen as an alumina precursor which after conversion into Al2O3 was reacted with CaO 
to form Ca12Al14O33. In comparison to the pure CaO sorbent, the modified sorbent with a 
95/5 weight ratio of CaO/Ca12Al14O33 had an enhanced absorption capacity up to ~27 wt% 
after 66 cycles of absorption at 650oC and desorption at 850oC.  
Aihara et al.27 developed a synthetic sorbent consisting of CaCO3 and CaTiO3
 
by 
utilizing either a metal alkoxide method or physical mixing method. The resulting sorbent 
18 
 
 
 
was then subjected to an isothermal cyclic process conducted at 750oC in a TGA in which the 
sorbent was alternately carbonated with 20 vol% CO2 and decarbonated with 100 vol% N2. It 
was reported that the CaTiO3 doped sorbent exhibited better cyclic stability compared to an 
undoped sorbent over 10 cycles. The cyclic stability of a CO2 absorbent is also affected by 
the addition of an oxygen vacancy possessing material. Yi et al.48 found that cerium zirconate 
added to CaO enhanced the cyclic stability of the CaO. 
 Reddy and Smirniotis49 noted that CaO with the addition of 20 wt% alkali metal       
(Na, K ,Rb and Cs) had an enhanced absorption capacity. The performance of the sorbent 
increased in direct proportion to the increase in the atomic radii of the alkali metal. Among 
the alkali metal doped CaO samples, the Cs doped sample was reported to have a higher CO2 
adsorption capacity than all the others. In a continuation of previous work, Roesch et al.50 
dispersed cesium within CaO by a wet impregnation method. A commercial CaO was mixed 
with a CsOH solution in order to prepare a material with 20 wt% cesium. DI water was added 
to the mixture to prepare a slurry that was stirred and then dried to eliminate the water. The 
sample was calcined under an oxygen atmosphere at 750oC for 5 hr in order to form cesium 
superoxide (CsO2) on the sorbent surface. The prepared sorbent was subjected to a sorption 
test carried out in a thermogravimetric analyzer with 28.6 vol% CO2 balanced with helium at 
600oC. The results showed that the cesium-doped CaO sorbent had an uptake of 66 wt% CO2 
after 5 hr compared to an uptake of only 16 wt% CO2 by CaO alone at the same temperature 
and time interval.   
 Albrecht et al.36 successfully integrated MgO as an inert component of a CaO-based 
sorbent. Powdered Microna 3 limestone with 3.2 µm mean particle size was combined with 
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magnesium nitrate (Mg(NO3)2)  dissolved in tetrahydrofuran (THF). The well-mixed paste 
was dried in a mortar and then reground to form a fine powder. Subsequently, the sample was 
calcined in flowing air at 900oC for 3 hr. Multicyclic absorption/desorption testing of the 
MgO/CaO was carried out in a thermogravimetric analyzer (TGA) to determine the 
absorption capacity and life cycle performance of the sorbent. In each cycle the samples were 
treated for 20 min at 750oC in 25 vol% CO2 in nitrogen for absorption and for 30 min at 
750oC in 100 vol% N2 for desorption. A sample with 20 wt% MgO exhibited improved 
stability and an absorption capacity which was 45% greater than that of CaO in a 1250 cycle 
test. Other samples were prepared with small amounts of La2O3. The same procedure was 
utilized; however, in place of magnesium nitrate, lanthanum nitrate was dissolved in THF. 
The results achieved with La2O3-doped sorbents in life cycle tests were not encouraging. 
Although the absorption capacity of the La2O3-doped sorbent was greater during the first 100 
cycles, the benefit vanished gradually over the next 100 cycles.   
 The use of MgO as a dopant and CaO as a solid reactant was also examined by Li et 
al.51 Several CaO precursors were tested, and calcium acetate displayed the best 
performance. Therefore, calcium acetate was selected as the CaO precursor. Magnesium 
oxide produced by calcining MgC2O4 at 700oC for 2 hr was the source of MgO. Four 
preparation methods were tested; coprecipitation, solution mixing, dry physical mixing and 
wet physical mixing. Among all of the methods, the sorbent prepared by dry physical mixing 
exhibited the best performance. The physical mixing method was defined as overnight ball 
milling of CaO and MgO sources followed by calcination in air at 800oC for 2 hr.                       
A thermogravimetric analyzer was utilized for life cycle testing under isothermal conditions 
at 758oC with each cycle consisting of carbonation in 100 vol% CO2 and decarbonation in 
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100 vol% He. The investigators claimed that a CaO-based sorbent with 26 wt% MgO had a 
capacity of 53 wt% CO2 after 50 cycles whereas untreated sorbent only had a capacity of    
26 wt% CO2. 
 Li et al.52 investigated a sorbent that combined rice husk ash and CaO which were 
hydrated together. This created a material with more surface area and ample porosity 
throughout cyclic testing. Besides working with different SiO2 mole ratios in rice ash to CaO, 
the study also focused attention on hydration temperature and time. A 75oC hydration 
temperature, 8 hr hydration time and more significantly a mole ratio of SiO2 to CaO of 1.0 
were reported as optimal conditions for preparation. It was also stated that a ratio of 
SiO2/CaO greater than 1.0 was not beneficial for the carbonation reaction. The results 
indicate that the resultant sorbent had improved anti-sintering behavior and cyclic 
performance. 
 Flame spray pyrolysis (FSP) has also been used to prepare a calcium-based sorbent. 
Lu et al.53 compared the performance of various CaO-based sorbents. Some of the sorbents 
composed of nanostructured CaO and CaCO3 were prepared by FSP, and others were 
produced by calcining chosen precursors. Since the sorbents prepared by FSP had an 
unusually large surface area (40 – 60 m2/g) and very small particle size (30 – 50 nm), they 
reacted rapidly with CO2 and were exceptionally stable. Therefore, even after 60 cycles of 
absorption and regeneration, the sorbent was still capable of achieving a conversion of 
around 50% which was higher than the conversion achieved by calcination of calcium acetate 
monohydrate.     
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To enhance the mechanical strength of CaO-based sorbents for multicyclic operation, 
Lu et al.54 also created nanosorbents by doping CaO with Si, Ti, Cr, Co, Zr and Ce. The 
nanosorbents were synthesized by flame spray pyrolysis (FSP). The absorption capacity of 
doped CaO was then tested at 700oC with 30 vol % CO2 in helium.  The sample doped with a 
3:10 mole ratio of Zr to Ca displayed the best CO2 capture performance and exhibited no 
decline in a carbonation conversion of 64% over 100 cycles. 
In further research, a CaO-based sorbent was prepared from CaCO3 nanopods to 
investigate its CO2 capture characteristics.55 To obtain CaCO3 nanopods, CO2 was passed 
through a calcium hydroxide slurry containing the triblock copolymer surfactant, P123. 
Investigation of the sorbent indicated that a hollow structure with a diameter of 200 nm and 
length of up to 600 nm was formed in the particles. The prepared sorbent showed a greater 
absorption capacity than CaO derived from either precipitated CaCO3 without P123 or a 
commercially available CaCO3, and after a 50 cycle test it still had an absorption ratio of 
more than 50% for CO2.  
It is possible that some dopants can display different behaviors under different testing 
conditions. Salvador et al.56 used two systems, a TGA and a FBC, to determine the effects of 
doping CaO-based sorbents with Na2CO3 or NaCl. The use of these dopants did not improve 
sorbent performance in the FBC environment. However, in a test conducted with a TGA, 
sorbent performance was improved by NaCl doping but not by Na2CO3 doping. When a 
limestone doped with 0.5 wt% NaCl was subjected to a cyclic test in the TGA using a 
temperature of 700oC for absorption and 850oC for desorption, the absorption capacity of the 
material was almost constant at 40% during a 13-cycle test.  
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Lu et al.23 synthesized a CaO-based sorbent containing from 10 to 50 wt% silica. The 
samples were prepared by mixing silica and calcium acetate dissolved in DI water followed 
by evaporation and calcination (at 750oC for 30 min). In a cyclic performance test of the 
material, the carbonations were performed at 700oC with 30 vol% CO2 in helium, and the 
decarbonations were conducted at 700oC under helium. However, the SiO2-doped sorbent did 
not exhibit any enhancement of overall performance.  
                                              Economic Analysis 
Although various methods for capturing CO2 and enhancing the efficiency of these 
methods have been investigated, the actual performance and cost of these methods require 
much further consideration. Lisbona et al.57 analyzed both cost and performance of different 
sorbents for CO2, which could be utilized in coal-fired power plants. The amine absorption 
process, that is commercially available for capturing CO2, was regarded as an inefficient 
process because of the energy penalties associated with amine regeneration and the 
requirement for flue gas pretreatment. For these reasons, CaO-based sorbents, having lower 
CO2 avoidance cost and higher efficiency, and synthetic sorbents were compared on the basis 
of cost and usability for coal-fired power plants. In addition, the cost advantage of employing 
thermally pretreated limestone and alumina-doped limestone which have been utilized to 
prevent sintering of CaO-based sorbents was examined. A cost analysis of sorbents derived 
from raw limestone, dolomite, lithium orthosilicate, alumina-doped limestone and thermally 
pretreated limestone showed that thermally pretreated limestone was the best choice because 
of better life cycle performance and low cost.   
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                             EXPERIMENTAL MATERIALS AND METHODS 
                                                     Materials 
For this study CaO sorbents were derived from different precursors that included 
limestone, dolomite, calcium acetate and plaster of Paris or calcium sulphate hemihydrate. In 
addition, reagent grade CaO powder was also utilized. Three different sizes of limestone 
were obtained from Colombia River Carbonates in Washington State. One of them was 
Microna 3 limestone with a mean particle size of 3.2 µm, others were Microna 10 limestone 
with a mean particle size of 11 µm and Micronatex 40M with a mean particle size of         
270 µm. Dolomitic limestone or dolomite was supplied by Greymont Dolime in Ohio. The 
fraction of dolomite below 100 µm in size was used for the preliminary tests. Later part of 
this material was ground with a micronizing mill to provide material below 10 µm in size. 
Plaster of Paris from DAP Inc consisted largely of calcium sulfate hemihydrate and small 
amounts of calcium carbonate and crystalline silica. It was used as received. The composition 
of these materials was determined by X-ray fluorescence (XRF), and the results are presented 
in Table 1. Reagent grade calcium acetate and calcium oxide were purchased from Fisher 
Scientific and used as received. 
For part of the investigation the CaO precursors were combined with smaller amounts 
of reagent grade magnesium oxide (MgO) or magnesium carbonate (MgCO3) obtained from 
Fisher Scientific and used as received.  
Nitrogen, carbon dioxide, air, and carbon monoxide were utilized in the experiments. 
Nitrogen, used as an inert gas during the heating-cooling periods of the experiments and also 
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during the calcination process had a purity of 99.999%. The gas was obtained from Praxair.  
It was also used in the carbonation process for diluting the carbon dioxide stream. Carbon 
dioxide was used for the carbonation of CaO and also to control the calcination process, 
either diluted with nitrogen or in pure form. Matheson Tri-gas was the supplier of research 
purity carbon dioxide. Carbon monoxide and air were only used in the cyclic 
oxidation/reduction process for converting calcium sulfate to calcium oxide. Research purity 
carbon monoxide was supplied by Matheson Tri-gas, and Praxair was the supplier of 
breathing grade compressed air.   
Table 1. Composition of sorbent precursors determined by XRF analyses, wt.% (dry basis) 
Component CaO MgO SiO2 Al2O3 Fe2O3 SO3 Na2O K2O SrO Cl 
Microna 10 54.00 0.52 0.66 0.10 0.07 - 0.01 0.03 0.02 <0.01 
Dolomite 28.8 21.6 0.31 0.21 0.06 0.68 0.06 0.03 1.14 0.14 
Plaster of Paris 44.84 1.65 1.99 0.48 0.17 47.80 <0.01 0.17 0.38 - 
 
                                   Sorbent Preparation Methods 
CaO sorbents were prepared by two different methods; one method calcined the 
limestone, dolomite or calcium acetate whereas a second method subjected the plaster of 
Paris to a cyclic process of reduction and oxidation. Limestone and dolomite were calcined 
under atmospheric pressure using different temperatures, CO2 partial pressures, and times. 
The effect of calcination temperature was explored between 900 to 1100oC, and the effect of 
CO2 partial pressure between 0 and 1.0 atm. The partial pressure was varied by combining N2 
and CO2 in different proportions. In addition the calcination time was varied between 30 min 
and 6 hr.   
  
Figure 5. Schematic diagram of the experimental setup.
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specific gas atmosphere. Afterwards, the system was kept at the calcination temperature for 
an appropriate time.  
After calcination was completed at a selected temperature for an appropriate time, the 
temperature of the system was reduced by two different cooling methods. In the first method, 
the gas flow was switched to nitrogen, and the temperature was decreased to 750oC for the 
cyclic CO2 absorption/desorption test. In the second method, the temperature was reduced 
from the calcination temperature to room temperature, and then increased to 750oC for the 
cyclic test. Comparison of these methods shows that both methods gave similar outcomes. 
Therefore, the first method was normally used because it did not provide an opportunity for 
moisture and CO2 in the atmosphere to interact with the calcined sorbent. 
Plaster of Paris or calcium sulphate hemihydrate was another sorbent precursor that 
was investigated. Calcination is not an appropriate method for converting calcium sulphate to 
calcium oxide. Therefore, the cyclic process described by Jagtap and Wheelock58 was 
utilized to convert the calcium sulphate content of plaster of Paris to CaO. In this process 
calcium sulphate is first reduced with 30% CO in N2 at 1070oC to produce CaO, CO2 and 
SO2. However, since part of the CaSO4 is reduced to CaS, it becomes necessary to reoxidize 
the material with 20% O2 in N2 to form CaSO4. These steps are repeated several times until 
the material is completely converted to CaO. 
The process of converting calcium sulfate to calcium oxide was also carried out in the 
TGA with samples ranging from 70 – 80 mg placed in the same ceramic cup that was used 
for the calcination process. First the temperature was increased to 1070oC while supplying 
nitrogen at a constant rate of 60 cc/min. When the temperature reached to 1070oC, carbon 
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monoxide was introduced at a flow rate designed to provide 30 vol% CO in nitrogen for the 
reduction step. The weight change during the reduction step was monitored by the TGA. As 
soon as the weight stabilized indicating completion of the reduction step, the mixture of CO 
and N2 was replaced by air which provided 20 vol% O2 in nitrogen for oxidation. After the 
weight stabilized indicating completion of the oxidation step, the cycle of reduction and 
oxidation was repeated. After several cycles the weight change became negligible, and the 
process was terminated. By exercising due care, almost complete conversion of CaSO4 to 
CaO was achieved. Once the sorbent had been prepared, the temperature of the system was 
reduced to 750oC under nitrogen and the cyclic CO2 absorption/desorption test was 
conducted.  
In some cases sorbent preparation also included the incorporation of smaller amounts 
of an inert substance such as MgO in the selected sorbent. The sources of MgO included 
dolomite and reagent grade MgO and MgCO3. Microna 10 limestone was selected as a CaO-
precursor for investigating the benefit of adding MgO in various ratios. The incorporated 
amount of MgO was denoted by the mass ratio of MgO to CaO (g MgO/g CaO). Mixtures 
with different MgO/CaO weight ratios such as 0.1, 0.2 and 0.42 were prepared.  To prepare a 
mixture, two different methods were utilized which included dry mixing and wet mixing. In 
the dry mixing method, Microna 10 limestone and a MgO-precursor were mixed with a 
SPEX SamplePrep 8000-Series Mixer/Mill for 10 min. To prepare a mixture by wet mixing, 
a limestone precursor corresponding to 5 g CaO was placed in a 500-ml beaker. Distilled 
water was then added to form a slurry which was mixed for 5 min by a magnetic stirrer. 
Then, a selected MgO-precursor was added to the slurry. The slurry was heated to 75oC and 
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stirred until most of the water in the slurry was evaporated. The mixture was then kept in an 
oven at 110oC overnight. The resulting dry powder was ground in a mortar into a finer 
powder. The sample was calcined prior to performing absorption/desorption experiments.  
In the last part of the investigation, the particle size of the dolomite was reduced by 
grinding the material with a McCrone Micronizing Mill. The procedure involved mixing the 
sorbent with isopropyl alcohol, and grinding the slurry with the micronizing mill for 10 min. 
After grinding, the slurry was permitted to evaporate under atmospheric conditions until a 
dry powder was acquired.  
                                        Characterization Methods  
The important characteristics of the prepared sorbents were determined with a 
thermogravimetric analyzer (Perkin-Elmer TGA 7) which was capable of measuring weight 
changes as small as 10 µg. Pyris Software was used for control of the process and data 
acquisition. Since most of the sorbents were prepared by calcining their precursors in the 
TGA, they were tested immediately using the same equipment. As nitrogen was passed 
through the system, the temperature was reduced to 750oC, and a cyclic CO2 
absorption/desorption test was performed isothermally at 750oC and at 1.0 atm. For the 
absorption step, a 25 vol% CO2 and 75 vol% N2 mixture was supplied to the system for         
20 min. This was followed by a 30 min desorption step in which 100 vol% N2 was supplied. 
An absorption step followed by a desorption step constituted a cycle. To control the flow rate 
of most gases supplied to the system, digital mass flow controllers were used. A mass flow 
controller with an integral programmable timer that operated a solenoid valve was used for 
controlling the flow of CO2 during the CO2 absorption phase of each cycle. Each digital mass 
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flow controller was calibrated by employing an Agilent Technologies, ADM1000 Universal 
Gas Flowmeter.  
 The morphology of selected sorbent samples was determined by employing a Hitachi 
S-2460N scanning electron microscope (SEM). The samples examined by the SEM included 
some sorbents that had been freshly prepared for the cyclic CO2 absorption/desorption test 
and other sorbents that had just completed the test. The samples were collected after the last 
desorption cycle.  
 The BET surface area, pore diameter and pore volume distribution were determined 
for selected sorbents by using a Micrometrics ASAP 2020 analyzer. BET surface area 
measurements were based on the adsorption of nitrogen at -196oC. The BJH method was 
employed to determine pore diameter and pore volume distribution. Since the amount of 
material needed for BET/BJH analyses was greater than the amount used for conducting the 
cyclic CO2 absorption/desorption test with the TGA, more sorbent had to be prepared and 
tested for these analyses. This was accomplished by calcining 3 g of the sorbent precursor in 
a ceramic boat placed in a tube furnace having a controlled atmosphere. The flow rates of 
selected gases were controlled by Brooks Instrument mass flow controllers. After the 
calcination was completed at a given temperature and time, the temperature of the furnace 
was decreased to room temperature as nitrogen flowed over the sample. Then, half of the 
sorbent was set aside for the BET/BJH analyses while the other half was used for the cyclic 
CO2 absorption/desorption test which was conducted with the tube furnace. After the sample 
had been heated to 750oC under N2 the cyclic absorption/desorption process was carried out 
at 750oC using a cycle time of 20 min for absorption and 30 min for desorption. A CO2 
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concentration of 25 vol% was used for absorption while 100 vol% N2 was employed during 
desorption. At the end of the test the temperature was reduced to room temperature while the 
sorbent remained fully calcined. When the sorbents were not in use, they were kept in a 
desiccator to prevent interaction between the sorbent and atmospheric moisture and carbon 
dioxide. 
                                           Calculation Methods 
 One of the main objectives of this study was to measure the absorption capacity of the 
samples. This value is defined here as the millimoles of carbon dioxide that react with 
calcium oxide per gram sorbent.  
Absorption capacity =   
 	

         (6) 
To calculate the amount of carbon dioxide that was captured during an absorption 
cycle, Pyris Software, which monitored the data obtained from the TGA, and Matlab were 
used simultaneously. The Pyris Software data was transferred to Matlab, and for every cycle, 
the minimum and maximum weight values were found. The difference between these values 
was the amount of carbon dioxide absorbed during the absorption period. Figure 6 shows a 
typical sample result provided by the Pyris software. The calculation was based on the 
assumptions given below: 
1. Even if the limestone, dolomite, calcium acetate and also magnesium carbonate were 
calcined above their equilibrium temperatures, there might have been some remaining 
uncalcined material. However, it was assumed that all the samples were calcined completely. 
Similarly, some unconverted CaSO4 may have remained after using the cyclic reduction and  
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Figure 6. TGA results acquired for Microna 10 limestone showing two CO2 absorption and 
desorption cycles. 
 
oxidation process to decompose the plaster of Paris. According to the results obtained by 
TGA during the calcination process, the efficiency of the preparation process was more than 
96% of the theoretical value.   
2. As a result of changes in gas composition or flow rate during either the calcination process 
or the cyclic absorption/desorption test conducted with the TGA, small weight changes 
occurred which were neglected because they seemed to be less than 0.1 wt%.  
3. Even though two different mixing methods, dry mixing and wet mixing, were utilized 
during the study, the efficiency of these methods was unknown. However, the methods are 
widely used and generally accepted for preparing mixtures. 
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                              EXPERIMENTAL RESULTS AND DISCUSSION 
The principal objective of the present study was to develop a CaO-based sorbent for 
CO2 with a high absorption capacity and improved stability. To achieve this objective various 
CaO precursors and preparation conditions were investigated. The precursors included 
limestone, dolomite, calcium acetate and also plaster of Paris which apparently had never 
been investigated as a possible source of CaO for absorbing CO2. While calcination was a 
feasible method for producing CaO from limestone, dolomite and calcium acetate, an entirely 
different method was required for converting the calcium sulphate content of plaster of Paris 
to calcium oxide. As described previously58, this required subjecting the CaSO4 to a cyclic 
process of reduction and oxidation conducted at 1070oC. In addition to different CaO 
precursors, small amounts of an inert substance such as MgO were incorporated in the 
sorbent because it had been shown before that MgO seemed to improve the stability of 
CaO.36 Therefore, for part of the investigation small quantities of either dolomite, reagent 
grade MgO or MgCO3 were incorporated in the sorbent. In addition, the effect of particle size 
on CO2 absorption capacity was investigated by using Microna 3, Microna 10 and 
Micronatex 40M limestones having the same composition but different particle sizes. Also 
different particle sizes of dolomite were prepared by grinding. The prepared sorbents were 
then subjected to a cyclic absorption/desorption test at 750oC using 25 vol% CO2 in N2 for 
absorption and 100 vol% N2 for desorption.  
            Application of the Calcination Process to Various Materials 
In the first part of this study, the calcination mechanism was investigated by 
employing a variety of calcination conditions. The weight change observed over time while 
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calcining Microna 10 limestone, dolomite and calcium acetate in powder form at the same 
heating rate under three different CO2 partial pressures is indicated by Figures 7,8, and 9, 
respectively. In all cases the samples were calcined at a heating rate of 25oC/min to a final 
temperature of 1000oC. 
It can be seen from Figure 7 that calcination of the Microna 10 sample under different 
CO2 partial pressures produced somewhat different results. The Microna 10 sample    
calcined under pure nitrogen (PCO2=0) for 1 hr started decomposing at 650oC and was fully 
decomposed by the time its temperature reached 940oC. Continuing the calcination at 1000oC 
for a prolonged period had little or no effect on the weight of the material. When the Microna 
10 sample was calcined under a CO2 partial pressure of 0.50 atm, it started decomposing at 
920oC and was fully decomposed as it approached 1000oC. Again continuing the calcination 
did not affect the weight of the sample significantly. Interestingly, when the limestone was 
calcined in pure CO2 (PCO2=1.0 atm), the results were the same as when it was calcined under 
a CO2 partial pressure of 0.50 atm. The results of three limestone calcination tests were 
consistent in that the final weight of the calcined samples was 56.48%, 56.71% and 56.72%, 
respectively, of their initial weight.  
Another precursor calcined at 1000oC was dolomite or calcium magnesium carbonate 
(CaO.MgO.2CO2) with some minor impurities. When this material was calcined at increasing 
temperature, its behavior depended on the CO2 partial pressure (Figure 8). Calcination in N2 
(PCO2=0) produced a gradual, continuous loss in weight which started at 400oC and ended as 
the temperature reached 900oC. However, calcination under CO2 (PCO2=1.0 atm) produced a 
two-stage weight loss curve. The first stage accounted for decomposition of MgCO3 and the  
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Figure 8. Calcination curves for dolomite calcined at 1000oC for 1 hr in a TGA. PCO2 refers to carbon 
dioxide partial pressure (atm) in calcination atmosphere. The CO2 was balanced with N2. 
 
zero (PCO2=0), the decomposition started at 550oC and was completed as the temperature 
reached 860oC. However, at a higher CO2 partial pressure (e.g., PCO2=1) the decomposition 
started at 930oC and was completed as the temperature approached 1000oC.   
 As distinct from the other precursors, calcination alone is not an appropriate method 
for converting plaster of Paris or calcium sulphate into CaO since it would require a very 
high temperature, likely to cause sintering. A more practical method is to employ a cyclic 
process at 1070oC which subjects the material to an atmosphere that is alternately reducing 
and oxidizing. The results of such a process are shown in Figure 10. During the initial 
reduction step most of the CaSO4 was converted into CaO, but some was converted into CaS 
which in turn was converted back to CaSO4 during the subsequent oxidation step. By 
repeating these steps several times all of the material is converted eventually into CaO.  
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Figure 9. Calcination curves for calcium acetate calcined at 1000oC for 1 hr in a TGA. PCO2 refers to 
carbon dioxide partial pressure (atm) in calcination atmosphere. The CO2 was balanced with N2. 
 
Figure 10 shows that after six cycles, there was no significant weight change so the process 
was stopped, and the sample was then ready to be tested as a sorbent for CO2. 
Up to this point, the results indicate that the decomposition of Microna 10 limestone, 
dolomite, and calcium acetate is largely determined by thermodynamic equilibrium. As the 
partial pressure of carbon dioxide was increased, the decomposition temperature of the 
sorbent correspondingly increased. Moreover, the process employed to decompose plaster of 
Paris was also dependent on the favorable thermodynamic equilibrium of both the reduction 
and oxidation reactions that were employed.  
In addition to the effects of calcination atmosphere, the effect of final calcination 
temperature was also examined in this study. Dolomite and Microna 10 limestone were 
heated to various final calcination temperatures in CO2. A pure carbon dioxide atmosphere  
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Figure 10. Decomposition of CaSO4 at 1070oC using 30 vol% CO in N2 for reduction and                
20 vol% O2 in N2 for oxidation. 
 
was selected as a basis for examining the calcination process since it reveals the different 
transient phases smoothly. The final calcination temperatures chosen were 900oC, 950oC and 
1000oC. The samples were first exposed to 100 vol% CO2 for calcination to 900oC         
(Figure 11). However, the decomposition of the Microna 10 sample was extremely slow at 
this temperature because the equilibrium vapor pressure of the CaCO3 was slightly less than 
1.0 atm. Therefore, the temperature was raised to 935oC, and the decomposition increased as 
soon as the temperature reached 910oC. In sharp contrast, the decomposition of dolomite in   
a CO2 atmosphere began with the MgCO3 decomposition at 400oC. The decomposition           
of MgCO3 continued and was completed as the temperature approached 800oC. The 
decomposition of CaCO3 appeared to start when the temperature reached 900oC, but 
continued slowly until the temperature was raised to 935oC. At this point the decomposition  
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Figure 11. Calcination curves for Microna 10 limestone and dolomite calcined in 100 vol% CO2 to a 
final temperature of 900o/935oC. 
 
proceeded rapidly and was completed within a few minutes.  
A comparison of Figures 12a and 12b shows that the results of calcining to a final 
temperature of either 950oC or 1000oC produced very similar results. In both cases the 
decomposition of MgCO3 proceeded as indicated by Figure 11, and the decomposition of 
CaCO3 proceeded rapidly as the temperature rose above 900oC. 
              Effect of Calcination Conditions on Absorption Capacity  
To determine what effect calcination conditions would have on sorbent performance, 
several precursors were calcined and then subjected to a cyclic CO2 absorption/desorption 
test conducted isothermally at 750oC with a TGA. The precursors included Microna 10 
limestone, dolomite and calcium acetate. For this baseline test the precursors had been  
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a) 
b) 
Figure 12. Calcination curves for Microna 10 limestone and dolomite calcined in 100 vol% CO2 to a 
final temperature of: a) 950oC; b) 1000oC. 
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calcined at 1000oC in N2 for 1 hr. The results of the CO2 absorption test are presented in 
Figure 13. Also included in this figure are the results of testing a sorbent consisting of pure, 
reagent grade CaO and another sorbent prepared from plaster of Paris by treating the material 
at 1070oC to a series of reduction and oxidation steps.  
Figure 13 indicates that all of the sorbents experienced some change in absorption 
capacity during the 20 cycle test. The magnitude of this change is indicated in Table 2. 
Although the sorbent derived from pure calcium acetate exhibited the highest capacity, both 
initially and finally, it underwent a 30% loss in capacity over 20 cycles. However, the 
greatest loss in capacity, 41%, was experienced by the sorbent derived from Microna 10 
limestone. This loss must have been due in part to the impurities present in the material 
because the pure CaO sorbent only experienced a loss of 16% during the test. Of 
considerable interest is the actual gain in absorption capacity of the sorbents derived from 
dolomite and plaster of Paris. Although the final absorption capacity of the latter was the 
smallest of all, it was still increasing at the end of the test. The loss in absorption capacity 
during the 20 cycle test experienced by three of the sorbents discussed above was due most 
likely to sintering and pore closure. As a consequence of sintering the surface area of a 
sorbent decreases, but at the same time the stability of a sorbent can increase. 
In an attempt to increase the stability of Microna 10 limestone and dolomite, the 
sorbents were calcined at various conditions ranging from mild to severe. It was anticipated 
that as the severity of the conditions increased, both the level of sintering and stability of the 
sorbent would increase. The calcined sorbents were then subjected to the cyclic CO2  
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Figure 13. Absorption capacities of CaO samples produced by calcination of given precursors at 
1000oC in N2 for 1 hr except plaster of Paris and pure CaO samples. Plaster of Paris was first 
converted to CaO by a series of reduction and oxidation reactions conducted at 1070oC.  
 
Table 2. The change in CO2 absorption capacity over 20 cycles of absorption/desorption displayed by 
the materials represented by Figure 13. 
Sorbent   Absorption Capacitya  Change   
Precursor  Initial         Final       %   
Calcium Acetate    15.3               10.7      - 30  
Microna 10 Limestone   11.6              6.8      - 41 
Pure CaO    11.2              9.4      - 16 
Dolomite      8.2              8.5       + 4 
Plaster of Paris      1.9              5.3   + 179 
a
 mmol CO2 absorbed/g sorbent 
 
absorption/desorption test. The severity of the calcination environment was increased by 
increasing any of the following conditions: temperature, CO2 partial pressure, or calcination 
time. To explore the effect of these parameters, the calcination temperature was varied from 
900 to 1100oC, the CO2 partial pressure from 0 to 1.0 atm, and the calcination time from 30 
min to 6 hr.  
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Figure 14. Absorption capacity of Microna 10 samples calcined at the indicated temperatures in 
nitrogen for 1 hr. After calcination, the samples were subjected to the 20 cycle test at 750oC. 
 
Limestone as a Precursor for CaO 
When Microna 10 limestone was calcined in N2 (PCO2=0) for 1 hr at various 
temperatures ranging from 900oC to 1050oC and then tested, the results presented in Figure 
14 were obtained. These results indicated that while the initial absorption capacity of CaO 
declined significantly as the calcination temperature increased, by the end of the 20 cycle 
test, all of the samples had the same absorption capacity. Since the absorption capacity of the 
material calcined at the highest temperature declined the least over the 20 cycle test, it had 
the greatest stability. Also by the same measure, the material calcined at the lowest 
temperature had the lowest stability. Therefore, a higher calcination temperature which 
increases sintering and also improves sorbent stability can be advantageous. To investigate 
the effects of both calcination temperature and CO2 partial pressure on the properties of a 
0
2
4
6
8
10
12
14
16
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
A
bs
o
rp
tio
n
 
C
a
pa
ci
ty
, 
m
m
o
l C
O
2/g
 
so
rb
en
t
Cycle
900°C
950°C
1000°C
1050°C
43 
 
 
 
CaO-based sorbent, a series of sorbents were prepared by calcining Microna 10 limestone at 
different temperatures and CO2 partial pressures. The results obtained by employing CO2 
partial pressures of 0.3 atm and 0.5 atm are indicated in Figure 15a and Figure 15b, 
respectively.  
It can be seen from Figure 15a that as the calcination temperature increased from 900 
to 1050oC, the sorbent became more stable. Also after 20 test cycles, the capacity of the 
sorbents calcined at 1000oC or less was very similar to that of sorbents calcined in             
100 vol% N2. However, the capacity of the sorbent calcined at 1050oC under a CO2 partial 
pressure of 0.3 atm was significantly lower. Interestingly, the absorption capacity of the 
material calcined at 1050oC actually increased slightly during the 20 cycle test.  
When the CO2 partial pressure was increased to 0.5 atm for calcination, the results 
shown in Figure 15b were obtained. These results appear to be rather similar to those shown 
in Figure 15a for material calcined under a CO2 partial pressure of 0.3 atm. However, the 
material calcined at 1000oC in 50 vol% CO2 in N2 for 1 hr was slightly more stable than that 
calcined in 30 vol% CO2. Because calcination of Microna 10 limestone at 1000oC under a 
CO2 partial pressure of 0.5 atm produced a seemingly stable sorbent, these conditions were 
employed later to prepare a sorbent for a 200 cycle test. The absorption capacity of the 
material calcined at 1050oC did appear to be lower than that calcined at a lower CO2 partial 
pressure.  
Figure 16 indicates that calcination of Microna 10 limestone under a partial pressure 
of 0.8 atm at different temperatures for 1 hr again produced rather similar results to those 
achieved by calcination at lower CO2 partial pressures. Also, the increase in CO2 partial  
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a)
b)
Figure 15. Absorption capacity of the Microna 10 samples calcined at the indicated temperatures for 
1 hr in: a) 30 vol% CO2 balanced with N2; b) 50 vol% CO2 balanced with N2. After calcination, the 
samples were subjected to the 20 cycle test at 750oC. 
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Figure 16. Absorption capacity of the Microna 10 samples calcined at the indicated temperatures for 
1 hr in 80 vol% CO2 balanced with N2. After calcination, the samples were subjected to the 20 cycle 
test at 750oC. 
 
pressure continued to improve the stability of the sorbent. The material calcined at 1000oC 
appeared to be even more stable than that calcined at a lower CO2 partial pressure. However, 
the absorption capacity of the material calcined at 1000oC did not appear to be affected 
significantly by the higher CO2 partial pressure.  
Calcination of Microna 10 limestone under a CO2 partial pressure of 1.0 atm 
produced the results in Figure 17 which were rather similar to those produced at a CO2 partial 
pressure 0.80 atm. However, the absorption capacity of the material calcined at either 1000oC 
or 1050oC was lower than that observed with material calcined at the lower CO2 partial 
pressure. Again the sample calcined at 1000oC appeared to be the most stable. 
Based on the preceding results it can be seen that a promising CaO-based sorbent can  
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Figure 17. Absorption capacity of the Microna 10 samples calcined at the indicated temperatures for 
1 hr in 100 vol% CO2 (The 900o/935oC sample was calcined for 1 h at 900oC followed by calcination 
at 935oC for 1 hr). After calcination, the samples were subjected to the 20-cycle test at 750oC. 
 
be prepared by calcining Microna 10 limestone at 1000oC under a CO2 partial pressure of   
0.5 - 0.8 atm for 1 hr. The resulting sorbent has an apparently stable capacity of nearly          
7 mmole CO2/g sorbent when tested over 20 cycles of CO2 absorption and regeneration at 
750oC. Sorbent prepared by calcining the limestone at lower temperatures or under lower 
CO2 partial pressures were less stable while sorbents calcined at higher temperatures were 
less absorbent.  
 Interestingly, while the initial absorption capacity of a sorbent was low when the 
material had been calcined at 1050oC or 1100oC under a CO2 partial pressure of 0.3 atm or 
higher, the capacity of the sorbent actually increased gradually as the sorbent experienced the 
20 cycle test. This behavior had been observed previously, and a possible explanation based 
on a pore-skeleton model was proposed by Manovic and Anthony.38  
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The next step of the investigation was to vary the calcination time applied to Microna 
10 limestone. The calcination time was defined as the period during which the sample was 
subjected to the maximum calcination temperature. Two different sets of conditions were 
employed. One set was used for calcining limestone at 900oC in N2 while the other set was 
used for calcining limestone at 1000oC in 50 vol% CO2 in N2. The results in Figure 15b had 
suggested that the second set could lead to a set of optimum conditions.  
When the first set of calcination condition was employed, the results presented in 
Figure 18 were obtained, and these showed that calcination time had little effect              
when limestone was calcined at 900oC in N2. On the other hand, when the second set was 
used and the limestone was calcined at 1000oC in 50 vol% CO2, calcination time did affect 
the results (Figure 19). The effect of calcination time on CO2 absorption was greatest at the 
beginning of the 20 cycle test where the capacity decreased greatly as the time increased. 
However, because the lines representing different calcination times converged during the 
ensuring 20 cycles, there was only a slight difference in absorption capacity for samples 
which had been calcined at either 0.5, 1.0 or 2.0 hr by the end of the test. Therefore, it would 
have been necessary to extend the test for many more cycles to determine the optimum 
calcination time.  
The preceding results suggest that the optimum calcination conditions for Microna 10 
limestone are likely to include a calcination temperature of 1000oC under a CO2 partial 
pressure between 0.5 and 1.0 atm. Furthermore, these conditions would need to be confirmed 
over many more CO2 absorption cycles.  
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Figure 18. Absorption capacity of the Microna 10 samples calcined at 900oC in N2 for either 
1 hr, 3 hr or 6 hr. After calcination, the samples were subjected to the 20 cycle test at 750oC.  
 
Dolomite as a Precursor for CaO 
The effects of calcination conditions on the CO2 absorption capacity of CaO derived 
from dolomite were also investigated. As before samples of the precursor were calcined at 
different temperatures, CO2 partial pressures, and calcination times. The calcined samples 
were then subjected to the 20 cycle absorption test at 750oC. Although the particle size of the 
dolomite (less than 100 µm) was larger than that of the 11 µm limestone, the same range of 
calcination conditions was employed for both materials. It should be noted that while the 
calcined dolomite contained both CaO and MgO, only CaO would absorb CO2 under the 
conditions employed for the 20 cycle absorption test.  
The absorption capacity of dolomite samples calcined for 1.0 hr at various 
temperatures is indicated in Figure 20a for calcination in N2 and in Figure 20b for calcination 
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Figure 19. Absorption capacity of the Microna 10 samples calcined at 1000oC in 50 vol% CO2 
balanced with N2 for either 30 min, 1 hr, 2 hr, 3 hr or 6 hr. After calcination, the samples were 
subjected to the 20 cycle test at 750oC.  
 
in 30 vol% CO2. Since the results were very similar, the presence of the CO2 in this 
concentration had little effect. Of more importance was the greater stability and absorption 
capacity of the sorbent compared to that of the sorbent derived from limestone as represented 
by Figures 14 and 15a.  
Although the initial absorption capacity of the sorbent derived from Microna 10 
limestone was superior, by the end of the 20 cycle test the sorbent derived from dolomite had 
the greatest capacity. The greater initial absorption capacity of the Microna 10 sorbent was 
related to its greater CaCO3 content (97 wt%). However, as a result of sintering, it suffered a 
loss in absorption capacity during the test. On the other hand, because dolomite consisted of 
both CaCO3 and MgCO3, it had a lower initial absorption capacity, but the sorbent was more 
stable. Therefore, by the end of the 20 cycle test the dolomite sample had the higher 
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a)
b)
Figure 20. Absorption capacity of dolomite samples calcined at various temperatures in: a) N2;         
b) 30 vol% CO2 (balanced with N2) for 1 hr. After calcination, the samples were subjected to the      
20 cycle test at 750oC. 
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absorption capacity. The sorbent derived from dolomite was more stable because after the 
initial calcination when MgCO3 was converted into MgO, the material remained in this form. 
In other words, the MgO served as an inert diluent and structural stabilizer while the       
CaO-based sorbent underwent a series of absorption and desorption cycles.  
To provide better insight into the cyclic absorption/desorption behavior of dolomite, 
carbon dioxide was introduced into the calcination atmosphere. A comparison of Figures 20a 
and b shows that 30 vol% CO2 in the atmosphere produced results similar to those achieved 
with a N2 atmosphere.  
When the partial pressure of carbon dioxide in the calcination environment was 
increased to 0.5 atm, the results presented in Figure 21 were realized. A comparison of these 
results with those in Figure 20 shows that the absorption capacity of the sorbent calcined 
under 0.50 atm of CO2 was slightly lower than that of a sorbent calcined under a CO2 partial 
pressure of 0.3 atm or less.  
 To see what affect further increases in the CO2 partial pressure would have on the 
calcined dolomite, samples of the material were calcined under a partial pressure of 0.8 atm 
and also 1.0 atm. The results of CO2 absorption tests conducted with these samples are 
presented in Figures 22a and b. A comparison of these results with those in Figure 21 
indicates that increasing the CO2 partial pressure from 0.5 to 0.8 atm had little effect on the 
results of samples calcined at either 950 or 1000oC, whereas it reduced the absorption 
capacity of material calcined at 900oC. A further increase in CO2 partial pressure to 1.0 atm 
reduced the absorption capacity of the sorbent significantly while also improving the stability 
of the material.   
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Figure 21. Absorption capacity of dolomite samples calcined at various temperatures in 50 vol% CO2 
(balanced with N2) for 1 hr. After calcination, the samples were subjected to the 20 cycle test at 
750oC. 
 
To investigate the effect of calcination time, calcination times ranging from 30 min to 
6 hr were employed and the results are presented in Figure 23. While the material calcined 
for only 30 min had a smaller absorption capacity, all other samples calcined for 1 hr or more 
displayed the same absorption capacity.  
 The preceding results indicate that the sorbent obtained by calcining dolomite over a 
wide range of temperature, CO2 partial pressure, and calcination time is not greatly 
dependent on these factors. Furthermore, the sorbent proved to be relatively stable when 
tested over 20 cycles of CO2 absorption and regeneration at 750oC. The inherent stability of 
the material appears due to the presence of MgO which serves as an inert diluent and 
structural stabilizer. However, the apparent benefits of MgO need to be tested over many 
more cycles of absorption and regeneration.  
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a)
b)
Figure 22. Absorption capacity of dolomite samples calcined for 1 hr at various temperatures in:                 
a) 80 vol% CO2 (balanced with N2); b) 100 vol% CO2. After calcination, the samples were subjected 
to the 20 cycle test at 750oC. 
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Figure 23. Absorption capacity of dolomite samples calcined at 900oC in N2 for different times. After 
calcination, the samples were subjected to the 20 cycle test at 750oC. 
 
                                       Stabilizing Effect of MgO 
 The stabilizing effect of MgO on CaO in calcined dolomite and also in calcined 
huntite has been reported previously.59 To see whether this effect could also be achieved by 
mixing either MgO or MgCO3 with limestone, all in powder form prior to calcination, a 
series of tests were conducted in which Microna 10 limestone was first mixed with either 
MgO or MgCO3. As an alternative to the reagent grade materials, some tests were also 
conducted with mixtures of limestone and dolomite where the dolomite served as a source of 
MgO. To prepare these mixtures, both wet and dry mixing methods were tested for 
comparison. For the first series of tests Microna 10 limestone was mixed with MgCO3. 
During calcination both the limestone and the MgCO3 were converted to their respective 
oxides. Different mass ratios of the oxides were employed for comparison. The calcined 
5
6
7
8
9
10
11
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
A
bs
o
rp
tio
n
 
C
a
pa
ci
ty
, 
m
m
o
l C
O
2/g
 
so
rb
en
t
Cycle
30 min 1 hr
2 hr 3 hr
6 hr
55 
 
 
 
samples were then subjected to 20 cycles of CO2 absorption/desorption. The results presented 
in Figure 24 show to what extent the absorption capacity was affected by the MgO/CaO mass 
ratio as well as the mixing methods. The results indicate that the samples prepared by the wet 
mixing method, where the materials were suspended in water, had a slightly higher 
absorption capacity so this method was adopted for the remaining tests.   
 The results in Figure 24 also show that the absorption capacity of the material 
decreased as the MgO/CaO ratio increased because of dilution as more of the inert MgO was 
incorporated in the mixture. 
The results obtained with the sorbent prepared by wet mixing Microna 10 and 
MgCO3 followed by calcination at 900oC in N2 for 1 hour are replotted in Figure 25a which 
shows that the addition of MgCO3 reduced the initial absorption capacity of the sorbent. 
However, the cyclic performance of the treated samples seemed more stable than that of the 
untreated samples. The decrease in absorption capacity seemed largely due to the lower CaO 
content of the treated samples. On the other hand, the sorbent appeared to become more 
stable as the MgO/CaO ratio increased.  
When similar mixtures were prepared and tested by combining Microna 10 limestone 
and reagent grade MgO, the results presented in Figure 25b were obtained. Compared to the 
preceding results, it is apparent that for any given mass ratio of MgO/CaO, the absorption 
capacity of the material prepared with MgO was lower than that prepared with MgCO3. This 
difference in absorption capacity was not expected, since MgCO3 was converted to MgO 
during calcination. However, before calcination during the wet mixing operation, the MgO  
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Figure 24. Absorption capacity of mixtures prepared by combining Microna 10 limestone with 
MgCO3 in various proportions followed by either wet or dry mixing and calcination at 900oC in N2 
for 1 hr. After calcination, the samples were subjected to the 20 cycle test at 750oC.  
 
probably reacted with water to form Mg(OH)2 which interacted differently as the materials 
were calcined. 
 Even though none of the Microna 10 samples with added MgCO3 or MgO exhibited a 
higher CO2 absorption capacity than the samples with only Microna 10 limestone, it is 
apparent in both Figures 24 and 25 that adding a source of MgO to the limestone improved 
the cyclic stability of the sorbent. 
 To see whether the benefit of added MgO could be enhanced by employing more 
optimal calcination conditions, mixtures of Microna 10 limestone and reagent grade MgO 
were calcined and then subjected to the 20 cycle test. The results shown in Figure 26 indicate 
that the sample with 0.1 g MgO/g CaO had the highest absorption capacity which was  
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a)
b)
Figure 25. Comparison of the absorption capacity of Microna 10 mixed with: a) MgCO3; b) MgO. 
The mixture was initially calcined at 900oC in N2 for 1 hr. Composition of the mixtures is expressed 
as g MgO/g CaO. 
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Figure 26. A comparison of the absorption capacity of different mixtures of Microna 10 and reagent 
grade MgO. The mixtures were initially calcined at 1000oC in 50 vol% CO2 (balanced with N2) for 1 
hr. Composition of the mixtures is expressed as g MgO/g CaO. 
 
surprising. On the other hand, while the stability of the material with only 0.1 g MgO/g CaO 
appeared slightly lower than that of Microna 10 limestone, the material should be tested over 
many more cycles.  
Another source of MgO is dolomite consisting of calcium magnesium carbonate and 
minor impurities. Based on the XRF analysis for dolomite reported in Table 1, dolomite and 
Microna 10 limestone mixtures were prepared to provide specific weight ratios of MgO to 
CaO. The prepared mixtures were than calcined under two different sets of calcination 
conditions, one set being more appropriate for limestone and another set more appropriate for 
dolomite. As noted previously to prepare an apparently stable sorbent from Microna 10 
limestone, the material is calcined at 1000oC in 50 vol% CO2 (balance N2) for 1 hr, whereas 
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to prepare an apparently stable sorbent from dolomite requires only calcining the material at 
900oC in N2 for 1 hr.  
When the pure materials and the mixtures were calcined under the first set of 
conditions, the resulting sorbent had the absorption capacity indicated by Figure 27. Not 
surprisingly the absorption capacity of the mixtures varied between the absorption capacity 
of the limestone and that of the dolomite. While the absorption capacity of the Microna 10 
limestone was less than that of the mixtures, it was still the most stable material, and its 
capacity appeared to increase near the end of the test. This trend should be investigated by 
extending the test for many more cycles. 
When mixtures of dolomite and Microna 10 limestone were calcined at 900oC in N2 
and the absorption capacity of the sorbents determined, the results in Figure 28 were 
determined which shown that the absorption capacity of the mixtures again fell between the 
absorption capacity of calcined dolomite and calcined limestone. Even though none of the 
sorbents were completely stable, the one derived from dolomite was the most stable. Also the 
sorbent derived from Microna 10 was the least stable. In addition it can be seen that after the 
first seven cycles, sorbents derived mixtures of limestone and dolomite had a larger and more 
stable absorption capacity than that of a sorbent derived from only limestone. 
 A comparison of the results in Figure 28 with those in Figure 25a indicates that for a 
given ratio of MgO/CaO the sorbent prepared from a mixture of limestone and dolomite was 
slightly more stable than a sorbent prepared from a mixture of limestone and MgCO3. The 
greater effectiveness of dolomite as an additive may have been due to a difference in crystal 
structure, impurity content or particle size.  
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Figure 27. Absorption capacity of sorbents derived from limestone, dolomite and mixtures thereof by 
calcination at 1000oC in 50 vol% CO2 (balance N2) for 1 hr. 
 
 The preceding tests had shown that the cyclic stability of the sorbent derived from 
Microna 10 limestone could be improved by the proper choice of calcination conditions. To 
see how and why the sorbent was affected by calcination and usage, samples of the sorbent 
which had been calcined at 1000oC for 1 hr either in N2 or 50 vol% CO2 in N2 were subjected 
to the 20 cycle test and then examined by scanning electron microscopy (SEM).  
Micrographs of the calcined samples before and after undergoing the 20 cycle absorption test 
are presented in Figure 29. These images show the final material that had undergone both 
calcination and the cyclic test appeared to be more heavily sintered than the material that had 
only been calcined. Also it is apparent that numerous macropores appeared on the surface of 
the particles during the 20 cycle test. Similar observations had been made previously by  
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Figure 28. Absorption capacity of sorbents derived from limestone, dolomite, and mixtures thereof 
by calcination at 900oC in N2 for 1 hr.  
 
Abanades and Alvarez34 who believed that as macropores were formed micropores 
disappeared. 
The principal difference between samples calcined in N2 and samples calcined in     
50 vol% CO2 was the degree of sintering (Figure 29). Samples calcined in 50 vol% CO2 
appeared to be more heavily sintered than those calcined in N2. Consequently particles that 
had only been calcined at 1000oC in 50 vol% CO2 displayed some macroporosity         
(Figure 29c), and the macroporosity increased further during the 20 cycle test (Figure 29d). 
The variation in absorption capacity displayed in Figures 14 and 15b for the sorbent derived 
from Microna 10 limestone can be related in part to the level of sintering displayed in    
Figure 29. Figure 14 shows that for the sorbent calcined in N2 at 1000oC, its capacity 
decreased considerably during the 20 cycle test which was probably due to the increase in  
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a)             b)    
       
c)             d) 
       
Figure 29. SEM images of Microna 10 limestone samples initially calcined at stated conditions 
followed by 20 cycles of carbon dioxide absorption and desorption at 750oC. a) After initial 
calcination at 1000oC in N2 for 1 hr; b) After the 20 cycle test of the sample  shown in part a;           
c) After initial calcination at 1000oC in 50 vol% CO2 (balanced with N2) for 1 hr; d) After the         
20 cycle test of the sample shown in part c. 
 
sintering of the material displayed between Figures 29a and b. On the other hand, Figure 15b 
indicates little change in the absorption capacity during the 20 cycle test for material calcined 
at 1000oC in 50 vol% CO2. Furthermore, at the end of the 20 cycle test the absorption 
capacity of the material calcined in N2 appeared to be the same as that calcined in                
50 vol% CO2 which suggests the same level of sintering.  
63 
 
 
 
Table 3. Results of BET/BJH analysis of Microna 10 limestone and dolomite samples calcined at the 
indicated temperature, time and CO2 pressure, before and after 20 cycles of CO2 absorption and 
desorption. 
 
 
 
Sample 
 
PCO2 
(atm) 
 
Temp 
(°C) 
 
Time 
(hr) 
 
 
Cycle 
BET 
Surface   
Area (m2/g) 
BJH Desorption 
Cumulative Pore 
Volume (cm3/g) 
BJH Desorption     
Average Pore 
Diameter (Å) 
Microna 10 0.00 900 1 0 18.50 0.206 322.2 
Microna 10 0.00 900 1 20 11.32 0.104 246.8 
Microna 10 0.00 1000 1 0 15.45 0.172 318.0 
Microna 10 0.00 1000 1 20 11.32 0.088 219.6 
Microna 10 0.50 1000 1 0 3.616 0.019 219.4 
Microna 10 0.50 1000 1 20 10.36 0.081 228.4 
Microna 10 0.50 1000 6 0 2.182 0.009 183.0 
Microna 10 0.50 1000 6 20 5.472 0.031 178.5 
Microna 10 1.00 1000 1 0 3.633 0.017 181.7 
Microna 10 1.00 1000 1 20 9.934 0.086 246.5 
Dolomite 0.00 900 1 0 12.27 0.084 244.3 
Dolomite 0.00 900 1 20 15.09 0.128 305.6 
Dolomite 0.50 900 1 0 9.263 0.031 140.9 
Dolomite 0.50 900 1 20 15.09 0.119 270.7 
 
To further investigate the effects of calcination conditions, selected Microna 10 
limestone and dolomite samples were subjected to BET/BJH analyses. First the sorbents 
were calcined under selected conditions and then in some cases subjected to the CO2 
absorption/desorption test at 750oC. For calcination, a tube furnace was employed due to the 
need for larger samples. The results of the analyses are presented in Table 3. According to 
these results, the largest BET surface area, cumulative pore volume and average pore size 
diameter values were produced when a Microna 10 sample was calcined at 900oC in N2 for   
1 hr. When the calcination temperature was increased to 1000oC, the BET surface area was 
reduced from 18.50 m2/g to 15.45 m2/g. The difference in these two BET surface area values 
seems to account for the initial decrease in absorption capacity indicated by Figure 14 which 
also shows that the initial absorption capacity of the Microna 10 samples calcined in N2 
decreased with escalating calcination temperature. Therefore, there is an agreement between 
Preparation Conditions 
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the results found. Similarly, the pore volume and average pore diameter were also reduced by 
an increase in calcination temperature. When the sorbents were subjected to the 20 cycle CO2 
absorption test, there was a further decrease in BET surface area, cumulative pore volume 
and average pore diameter (Table 3). This reduction was due most likely to the sintering 
exhibited by the SEM images in Figure 29.  
Microna 10 limestone was also calcined in a CO2 atmosphere. In contrast to       
results obtained with samples calcined in N2, calcination in either 50 vol%CO2 in N2 or     
100 vol% CO2 for 1 hr resulted in less BET surface area, cumulative pore volume and 
average pore diameter. Interestingly, the BET surface area of the samples calcined under 
these conditions increased during a subsequent 20 cycle absorption test which was exactly 
opposite to that experienced by samples calcined in N2. Increasing the calcination time from 
1 hr to 6 hr while calcining the Microna 10 sample at 1000oC in 50 vol% CO2 in N2 yielded a 
loss in BET surface area of the sample both after initial calcination and the 20 cycle test.  
In contrast to the results with limestone, the initial surface area of the dolomite 
calcined at 900oC in N2 for 1 hr was 12.27 m2/g which was less than that of limestone, but 
then it increased to 15.09 m2/g during a subsequent 20 cycle test. Therefore, by the end of the 
test the BET surface area of the dolomite was greater than that of the limestone treated to the 
same conditions. Calcining the dolomite in 50 vol% CO2 in N2 at 900oC for 1 hr caused the 
BET surface area to decrease to 9.26 m2/g, but when this material was treated subsequently 
in a 20 cycle test the BET surface area increased to 15.09 m2/g which was the same as before. 
The BJH pore volume distributions of the Microna 10 samples calcined in N2 for 1 hr 
at either 900oC or 1000oC are shown in Figure 30. Also shown are the corresponding BJH 
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Figure 30. BJH pore volume distributions of Microna 10 samples after calcination at 900oC or 
1000oC in N2 for 1 hr before and after 20 cycle test. 
 
distributions of the samples after being subjected to the 20 cycle test. The sample calcined at 
900oC for 1 hr produced the largest peak centered around a pore diameter of about 500 Å. An 
increase in calcination temperature to 1000oC reduced the size of the peak slightly. However, 
the 20 cycle absorption test had a much larger effect by reducing the peak size greatly for 
either calcined sample. An additional effect of the 20 cycle test was to reduce the peak pore 
diameter to about 300 Å. Adding CO2 to the calcination atmosphere had a major effect on the 
pore volume distribution by causing it to almost disappear as presented in Figure 31a and 
Figure 31b. However, the 20 cyclic absorption tests apparently created new pores and 
increased the pore volume. The resulting distribution for a sample calcined at 1000oC in      
50 vol% CO2 in N2 for 1 hr peaked at about 300 Å (Figure 31a). Increasing the calcination 
time to 6 hr resulted in a much smaller pore volume after the 20 cycle test. When Microna 10  
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a) 
b) 
Figure 31. BJH pore volume distributions of Microna 10 limestone samples: a) after calcination at 
1000oC in 50 vol% CO2 for 1 or 6 hr before and after 20 cycle test; b) after calcination at 1000oC for 
1 hr in 100 vol% CO2 before and after 20 cycle test. 
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Figure 32. BJH pore volume distributions of dolomite samples calcined at 900oC for 1 hr in:              
(♦) N2 before 20 cycle test; (■) N2 after 20 cycle test; (▲) 50 vol% CO2 before 20 cycle test;            
(x) 50 vol% CO2 after 20 cycle test.  
 
was calcined in 100 vol% CO2 at 1000oC for 1 hr, the resulting pore volume distribution 
shown in Figure 31b was similar to that shown in Figure 31a for calcination in 50 vol% CO2 
in N2 for 1 hr. 
The BJH pore volume distributions of the dolomite samples are presented in       
Figure 32 for material that had been calcined at 900oC in N2 for 1 hr followed by the 20 cycle 
CO2 absorption/desorption test. These distributions were much broader than those obtained 
with Microna 10 limestone indicating a wider range of pore diameters. As with limestone the 
distributions became narrower when the calcined dolomite was subjected to the 20 cycle 
absorption test. Also the distribution of the material calcined in 50 vol% CO2 was narrower 
than that calcined in N2. 
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                              Extended Tests of Sorbent Stability 
 For comparing the stability of sorbents prepared from different materials and by using 
different calcination conditions, the cyclic test of CO2 absorption/regeneration had been 
limited to 20 cycles in the preceding work which was not always sufficient. Therefore, to 
clarify the previous results and to improve the accuracy of the comparison, the cyclic 
absorption test was extended for some of the more promising sorbents to 80 cycles and in a 
few cases to 200 cycles. The results for the Microna 10 samples calcined under various 
conditions and then subjected to the 80 cycle test are shown in Figure 33.  
 Initially there was a very large difference in the absorption capacity of the materials 
calcined under different conditions, but after 80 cycles there was only a small difference 
amounting to less than 0.2 mmol CO2/g sorbent in most cases. At the end of 80 cycles, the 
sorbent with the highest capacity was the one which had been calcined at 1000oC in N2 for 1 
hr so initially it had the second highest capacity. The sorbent which initially had the smallest 
capacity was the one calcined at 1000oC in 50 vol% CO2 for 6 hr, but the performance of this 
sorbent continued to improve throughout the 80 cycles so that in the end its capacity was 
only slightly smaller than the others. Of particular interest was whether the capacity would 
continue to increase for many more cycles. The sorbent which appeared to be the most stable 
was the one calcined for 1000oC in 50 vol% CO2 for 1 hr because its capacity declined only 
slightly over the 80 cycles. 
 The results presented in Figure 33 bring out the importance of extended life cycle 
tests of an absorbent, especially when its capacity can vary so much during the first few 
absorption/desorption cycles. In the case of Microna 10 limestone, the absorption capacity of  
  
Figure 33. Absorption capacity of selected Microna 10 samples calcined at: (
(▲) 1000oC for 1 hr in N2; (♦) 1000
(+) 1000oC for 1 hr in CO2. 
 
the calcined material varied gre
10 - 20 cycles of use. However, by the end of 80 cycles the difference in absorption capacity
had fallen to a range of only 6.21 
sample calcined at 1000oC in N
calcined at 900oC in N2. This conclusion was opposite to that reached after only 20 cycles 
(Figure 14).  
 The CO2 absorption capacity of Microna 10 limestone calcined at 1000
compared that of dolomite calcined at 
exhibited a fairly stable absorption capacity over the first 20 cycles then followed a steady 
downward trend for the next 60 cycles. Finally after 80 cycle
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Figure 34. The absorption capacity of both a Microna 10 sample and a dolomite sample calcined at 
1000oC in N2 for 1 hr. The initially calcined samples were subjected to the 80 cycle test carried out at 
750oC. 
 
dolomite (6.48 mmol CO2/g sorbent) was virtually identical to the absorption capacity of the 
Microna 10 sample (6.39 mmol CO2/g sorbent).  
 The results of extended life cycle tests are presented in Figure 35 for calcined 
Microna 10 with added MgO from reagent grade MgCO3 in one case and from dolomite in 
another case to provide a ratio of 0.1 g MgO/g CaO. The mixtures were initially calcined at 
900oC in N2 for 1 hr. At the end of 20 cycles it appeared that the sorbent with added dolomite 
had the highest absorption capacity, but after 80 cycles the sorbent with added MgCO3 had a 
slightly higher capacity than either of the other two sorbents. Near the end of the test the 
absorption capacity of the sorbent containing dolomite was declining more rapidly than the 
absorption capacity of the other two materials. Although the difference in absorption capacity 
among the three materials was small, it would be possible for this difference to increase  
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Figure 35. Absorption capacity of Microna 10 with: (♦) no additive; (■) MgO from reagent grade 
MgCO3; (▲) MgO from dolomite. The additive provided 0.1 g MgO/g CaO. The samples were 
initially calcined at 900oC in N2 for 1 hr before the testing at 750oC. 
 
significantly over a larger number of life cycles since the stability of the material containing 
MgO derived from MgCO3 appeared to be greater than that of the others. 
 When Microna 10 was mixed with either reagent grade MgO or dolomite and 
calcined at 1000oC in 50 vol% CO2 in N2, and then subjected to an 80 cycle test, the results 
presented in Figure 36 were realized. The mixtures contained the equivalent of                    
0.1 g MgO/g CaO. The results indicate that after 30 cycles the sample containing dolomite 
had a slightly higher absorption capacity than the other two samples. Furthermore, the 
addition of pure MgO did not produce any improvement in the capacity after 30 cycles. The 
absorption capacity of the MgO-doped sample was lower than pure Microna 10 sample 
beyond 50 cycles which is exactly opposite of the results shown in Figure 35 where        
MgO-doped sample had a slightly higher absorption capacity than the Microna 10 sample. 
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Figure 36. Absorption capacity of Microna 10 with: (♦) no additive; (■) reagent grade MgO;            
(▲) MgO from dolomite. The additive provided 0.1 g MgO/g CaO. The samples were initially 
calcined at 1000oC in 50 vol% CO2 in N2 for 1 hr before the testing at 750oC. 
 
 For further confirmation, some of selected calcination conditions were applied to 
Microna 10 limestone, and the prepared samples were subjected to a 200 cycle CO2 
absorption/desorption test at 750oC.  The Microna 10 samples were calcined at 1000oC for    
1 hr in either 100 vol% N2 or 50 vol% CO2 in N2. In addition, one sample was calcined for    
6 hr in 50 vol% CO2 in N2. The results presented in Figure 37 indicate that the calcination 
atmosphere and calcination time had a significant effect on the absorption capacity during the 
200 cycle test. Introducing 50 vol% CO2 in the calcination atmosphere generated a much 
more stable sorbent, whereas increasing the calcination time at this condition completely 
changed the behavior of the sorbent. The final absorption capacities of the Microna 10 
samples calcined under different conditions were similar; however, the initial absorption 
capacities varied greatly. The sample calcined in 50 vol% CO2 for 1 hr appeared to be the  
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Figure 37. Absorption capacities of Microna 10 samples calcined at 1000oC in: (▲) 100 vol% N2;      
(♦) 50 vol% CO2 for 1 hr; (■) 50 vol% CO2 for 6 hr.   
 
most stable, since its absorption capacity declined only 18% over 200 cycles. By comparison 
the absorption capacity of the sample calcined in 100 vol% N2 for 1 hr, declined by 49%, 
while the absorption capacity of the material calcined in 50 vol% CO2 for 6 hr actually 
increased by 39 wt%. This condition produced the self reactivation effect proposed by 
Manovic and Anthony.38 However, the absorption capacity of the self reactivated sorbent 
began decreasing slightly midway through the test. Interestingly by the end of the test, the 
sorbent that had been calcined in 100 vol% N2 had a slightly higher absorption capacity than 
the others.  
                                           Effect of Particle Size 
To provide further insight into the effect of particle size on the absorption capacity 
and stability of calcium-based sorbents, additional sorbents were prepared from Microna 3 
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limestone and Micronatex 40M because they have the same chemical composition as 
Microna 10 limestone according to the vendor. This provided three limestone-based sorbents 
of widely varying particle size. In addition, the relatively coarse dolomite was ground to 
provide a sorbent precursor less than 10 µm in size.  
It was shown above that the absorption capacity of Microna 10 limestone was 
affected significantly by the temperature and atmosphere present during calcination, whereas 
the absorption capacity of dolomite (less than 100 µm in size) was much less affected. 
Manovic and Anthony38 indicated that the benefits of thermal pretreatment (calcination at 
higher temperature) were more prominent for ground samples. This suggested that particle 
size could have an important effect. 
To study the effect of particle size, the previous testing procedure was followed. The 
samples were calcined initially at given calcination conditions followed by the cyclic CO2 
absorption/desorption test at 750oC. Every sample was calcined in three different 
atmospheres: 100 vol% N2, 50 vol% CO2 in N2 and 100 vol% CO2. The calcination 
temperature and time were kept at 1000oC and 1 hr, respectively.  
 The results for the Microna 3, Microna 10, and Micronatex 40M limestones calcined 
in 100 vol% N2, 50 vol% CO2 and 100 vol% CO2 are presented in Figures 38 and 39. For an 
initial comparison, all limestone samples were calcined in N2. According to the results 
presented in Figure 38, Microna 3 and Microna 10 performed similarly except that the 
Microna 3 had a slightly higher absorption capacity. The absorption capacity of the 
Micronatex 40M sample was much lower than the others.  
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Figure 38. Absorption capacity of different limestone samples calcined at 1000oC under N2 for 1 hr. 
 
When the three materials were calcined in 50 vol% CO2 in N2 two of the resulting 
sorbents were quite stable, especially the one derived from Microna 10 limestone. Its 
capacity declined only from 6.90 to 6.66 mmol CO2/g sorbent during the 40 cycle test 
(Figure 39a). In addition, the Microna 3 sample was also substantially stable after the same 
initial calcination. Interestingly, calcination in this condition improved the performance of 
the sorbent compared to that after calcination in N2. For both Microna 3 and Microna 10 
limestones, calcination in 50 vol% CO2 in N2 produced stable sorbents which after 40 cycles 
had a greater absorption capacity than that of the sorbents made by calcining Microna 3 or 10 
in N2. On the other hand, the given calcination condition was not beneficial for the 
Micronatex 40M sample. In contrast to the Microna 3 and Microna 10 samples whose 
stability and absorption capacity were improved by calcining in 50 vol% CO2, the 
performance of the Micronatex 40M sample was made worse by calcining in this 
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atmosphere. Even though the stability was increased, the absorption capacity of the sorbent 
was excessively low throughout the 20 cycle test.  
When the three sorbent precursors were calcined in 100 vol% CO2, the results 
presented in Figure 39b were obtained. It can be seen that the absorption capacities of the 
Microna 3 and Microna 10 samples were slightly lower than obtained before whereas the 
absorption capacity of the Micronatex 40M sample was unchanged. Interestingly, the 
absorption capacity of the Microna 10 sample increased slightly during the test while that of 
the Microna 3 sample remained almost constant.  
Some of the coarser dolomite had been ground to produce material having a particle 
size less than 10 µm which was then calcined at 1000oC either in 100 vol% N2, 50 vol%CO2 
in N2 or 100 vol% CO2 followed by an 80 cycle absorption test. The results of the tests are 
shown in Figure 40. For comparison, the results of a test conducted with the coarser dolomite 
sample calcined at 1000oC in N2 are also presented in the same figure. It can be seen that 
after the first 15 cycles, the results obtained with the coarser dolomite sample differed greatly 
from those achieved with the finer size material because the coarser sorbent was much less 
stable. The finer size samples were greatly affected by the calcination atmosphere with the 
sample calcined in N2 having the largest capacity and the sample calcined in CO2 the lowest 
capacity. On the other hand, the latter was the most stable after the first 20 cycles. The finer 
size sorbent exhibited the self-reactivation behavior described by Manovic and Anthony38, 
whereby the capacity of the sorbent increased for a number of cycles. However, after 50 
cycles the absorption capacity of the sorbents started a gradual decline.  
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a) 
b)
Figure 39. Absorption capacity of different limestone samples calcined at 1000oC for 1 hr under:                          
a) 50 vol% CO2 in N2; b) 100 vol% CO2. 
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Figure 40. Absorption capacity of different dolomite samples: (♦) Ground dolomite calcined at 
1000oC in N2; (▲) Ground dolomite calcined at 1000oC in 50 vol% CO2 in N2; (■) Ground dolomite 
calcined at 1000oC in CO2; (x) Coarser dolomite calcined at 1000oC in N2. All the calcination 
processes were carried out for 1 hr.  
 
To summarize the work on particle size, it is apparent that particle size is an 
important parameter which affects both the capacity and stability of the sorbents for CO2 that 
have been tested. In the case of limestone, the sorbents derived from particles with a mean 
particle size of 3.2 µm or 11 µm were much more stable than the sorbents derived from 
particles with a mean size of 270 µm. Although the initial absorption capacity of the calcined 
materials was nearly the same, after 20 cycles of CO2 absorption/desorption, the capacity of 
the coarser material was less than half that of the finer material depending on the calcination 
conditions. These results in addition to the earlier results presented in Figure 37 for 200 
cycles of CO2 absorption/desorption show that a rather stable sorbent can be made by 
calcining 11 µm size limestone at 1000oC. 
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Unfortunately the same range of particle size was not available for investigating the 
effect of particle size on the performance of a sorbent derived from dolomite. The available 
sample of dolomite had a particle size less than 100 µm. Some of this material was ground to 
provide a sorbent precursor consisting of particles less than 10 µm in size, similar to the size 
of the finer limestone. When the ground material was calcined at 1000oC and subjected to the 
cyclic absorption/desorption test, the results differed noticeably from those seen with 
limestone because over the first 40 cycles the absorption capacity increased instead of 
decreasing or remaining constant as with limestone. Also of interest was the smaller decline 
in the absorption capacity of the coarser dolomite during the cyclic test compared to that 
observed with the coarse limestone. The difference was likely due to the disparity in particle 
size of the materials. 
BET/BJH analyses were carried out for the Microna 3, Micronatex 40M, and ground 
dolomite samples. The samples were calcined for 1 hr at 1000oC in an atmosphere of         
100 vol% N2 or 50 vol% CO2 (balanced with N2). The calcination was conducted in a tube 
furnace. Some of the calcined material was analyzed before and some after the material was 
subjected to a 20 cycle test of absorption. The results of the analysis which are presented in 
Table 4 indicate important differences in BET surface area that appear due to differences in 
properties of the materials, calcination conditions, and changes produced by 20 cycles of CO2 
absorption and desorption. A comparison of the results in Table 4 with those reported for 
Microna 10 in Table 3 shows that the BET surface area of the four different precursors was 
similar for the most part after they had been prepared under similar conditions. For example, 
after the precursors had been calcined at 1000oC in 100 vol% N2, the majority had a BET  
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Table 4. Results of BET/BJH analysis of Microna 3, Micronatex 40M (Micronatex) limestones and 
ground dolomite samples calcined at the indicated temperature, time and CO2 pressure, before and 
after 20 cycles of CO2 absorption and desorption. 
 
 
 
Sample 
 
PCO2 
(atm) 
 
Temp 
(°C) 
 
Time 
(hr) 
 
 
Cycle 
BET 
Surface   
Area (m2/g) 
BJH Desorption 
Cumulative Pore 
Volume (cm3/g) 
BJH Desorption     
Average Pore 
Diameter (Å) 
Microna 3 0.00 1000 1 0 13.23 0.138 329.3 
Microna 3 0.00 1000 1 20 12.52 0.122 272.8 
Microna 3 0.50 1000 1 0 3.344 0.013 157.3 
Microna 3 0.50 1000 1 20 11.10 0.087 233.5 
Micronatex 0.00 1000 1 0 14.26 0.167 315.1 
Micronatex 0.00 1000 1 20 6.492 0.069 328.2 
Micronatex 0.50 1000 1 0 3.206 0.018 239.2 
Micronatex 0.50 1000 1 20 5.553 0.045 244.4 
Dolomite*  0.00 1000 1 0 12.53 0.120 291.0 
Dolomite* 0.00 1000 1 20 14.16 0.125 267.8 
Dolomite* 0.50 1000 1 0 5.894 0.019 143.5 
Dolomite* 0.50 1000 1 20 15.16 0.124 270.4 
* Dolomite was ground to provide a sorbent precursor less than 10 µm in size. 
 
surface area between 12.53 and 15.45 m2/g before the 20 cycle test and between 11.32 and 
14.16 m2/g after the test. The lone exception was the sorbent prepared from Micronatex 40M 
which had a surface area of 6.492 m2/g after the test. Furthermore, a similar agreement was 
found among the sorbents that had been prepared by calcination at 1000oC in 50 vol% CO2 
(balanced with N2). The majority had a surface area between 3.206 and 3.616 m2/g before the 
test and between 10.36 and 15.16 m2/g after the 20 cycle test. This time the outliers were 
ground dolomite which had a surface area of 5.894 m2/g before the test and Micronatex 40M, 
which had a surface area of 5.553 m2/g after the test. 
 The decrease in initial surface area resulting from the use of CO2 in the calcination 
atmosphere was anticipated because of a similar decrease in the initial absorption capacity of 
the sorbents calcined in different gases. Also the decrease in the absorption capacity of the 
limestone-based sorbents calcined in 100 vol% N2 that took place during the 20 cycle 
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absorption test seemed to match the corresponding decrease in surface area. On the other 
hand, the large increase in surface area that occurred when the sorbents that had been 
calcined in 50 vol% CO2 were subjected to the 20 cycle absorption test was unexpected. This 
increase did not match the almost constant absorption capacity reported throughout the test in 
Figure 39a. If there was a gradual increase in surface area throughout the test, it should have 
been reflected in a gradual increase in absorption capacity, assuming that the absorption 
capacity is directly proportional to surface area. 
 The BJH desorption pore volume distributions for several limestone and ground 
dolomite samples are presented in Figures 41 and 42 which show in every case that 
calcination of a limestone or dolomite sample at 1000oC in 100 vol% N2 produced a broad 
distribution over a range of 100 to 1000 Å with a maximum value in the range of 300 to    
500 Å. Interestingly, when the calcination was conducted at 1000oC in 50 vol% CO2 in N2, 
the volume of the resulting distribution appeared almost negligible. However, after 
calcination in either atmosphere, when the resulting sorbent was subjected to a 20 cycle test 
of CO2 absorption/desorption at 750oC, the resulting BJH distribution was much narrower 
than before with a maximum value corresponding to a pore diameter of about 300 Å. Overall 
it seemed that the final relatively narrow distribution had been produced almost 
independently of the initial broad distribution. 
                                                      Other CaO Precursors 
  In addition to the various sized limestone and dolomite samples, other materials were 
also investigated as potential sorbent precursors including calcium acetate and plaster of  
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a)
b)
Figure 41. BJH desorption pore volume distributions of: a) Microna 3 samples; b) Micronatex 40M 
samples. Samples were calcined at 1000oC for 1 hr in: (♦) N2 and 0 cycles; (■) N2 and 20 cycles;      
(▲) 50 vol% CO2 and 0 cycles; (x) 50 vol% CO2 and 20 cycles. 
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Figure 42. BJH desorption pore volume distribution of ground dolomite calcined at 1000oC for 1 hr 
in: (♦) N2 and 0 cycles; (■) N2 and 20 cycles; (▲) 50 vol% CO2 and 0 cycles; (x) 50 vol% CO2 and     
20 cycles. 
 
Paris. A preliminary comparison of the performance of several CaO-based sorbents derived 
from various materials showed that a sorbent derived from calcium acetate had the highest 
absorption capacity for CO2 over a 20 cycle test (Figure 13). However, this sorbent was 
derived from a relatively expensive reagent grade material, and it appeared to be the least 
stable among a group of sorbents prepared by calcining their precursors at 1000oC in N2 for  
1 hr. To see if the stability of the sorbent could be increased by adding CO2 to the calcination 
atmosphere, sorbents were prepared by calcining calcium acetate in an atmosphere 
containing 50 vol% CO2 in one case and pure CO2 in another case. The calcination was 
conducted at 1000oC for 1 hr. When these sorbents together with another sorbent that had 
been calcined in N2 were subjected to a 40 cycle CO2 absorption test conducted at 750oC, the 
results presented in Figure 43 were obtained. Introducing CO2 in the calcination atmosphere 
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Figure 43. Absorption capacity of calcium acetate samples calcined at 1000oC for 1 hr in an 
atmosphere of: (♦) N2; (■) 50 vol% CO2; (▲) 100 vol% CO2.                       
 
increased both the absorption capacity and stability of the sorbent after the first 12 – 15 
cycles compared to that of a sorbent calcined in N2. While generally similar results were 
obtained by calcining calcium acetate in either 50 vol% CO2 or pure CO2, the sorbent 
prepared in CO2 was more stable after the first 15 cycles of testing and would be worthy      
of extended life cycle testing. It is also noteworthy that after 40 cycles of CO2 
absorption/desorption the absorption capacity of the material calcined in either 50 vol% or 
100 vol% CO2 was 18 % higher than that of the sorbent calcined in N2. 
Among sorbent precursors of interest which stand out is plaster of Paris. Although the 
sorbent derived from this material had the lowest absorption capacity of any shown in    
Figure 13, it was unique because it was the only one which displayed an increasing 
absorption capacity throughout a 20 cycle absorption test. If this trend continued through  
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Figure 44. Absorption capacity of the Microna 10 sample calcined at 1000oC in N2 for 1 hr, the 
dolomite sample (coarser) calcined at 900oC in N2 and the plaster of Paris sample treated at 1070oC. 
The initially treated samples were subjected to the 80-cycle test carried out at 750oC.  
 
many more cycles, the sorbent could prove to be the best of all. Since plaster of Paris is a 
partially hydrated form of CaSO4, it requires more than calcination for conversion to CaO.   
A practical method of conversion employs a cyclic process at 1070oC which treats the 
material to conditions that are alternately reducing and oxidizing.58  
  The results presented in Figure 44 are absolutely remarkable. The absorption 
behaviors of the Microna 10 sample calcined at 1000oC in N2, the coarser dolomite sample 
calcined at 900oC in N2 and the plaster of Paris sample prepared by a cyclic 
oxidation/reduction process at 1070oC are compared. The conditions used for preparing the 
different sorbents were considered to be nearly optimal in each case. Interestingly, the initial 
absorption capacity of the plaster of Paris sample was only 1.9 mmol CO2/g sorbent, but  
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Figure 45. Absorption capacity of: (♦) Plaster of Paris treated at 1070oC by oxidation/reduction 
reactions; (■) Microna 10 limestone calcined at 1000oC in 100 vol% N2 for 1 hr. 
 
after 80 cycles it had increased to 6.24 mmol CO2/g sorbent so that it nearly equaled the 
absorption capacity of the Microna 10 and dolomite samples.  
For further confirmation, the sorbent derived from plaster of Paris was subjected to a 
200 cycle test.  The results presented in Figure 45 show that the plaster of Paris sample was 
performing better at the end of the test than the sorbent prepared from Microna 10 limestone. 
In other words, the absorption capacity of the former was still increasing whereas that of the 
latter was decreasing. Although the rate of increase was small, this kind of behavior is 
uncommon. Normally, the absorption capacity of most sorbents tends to decrease as a result 
of sintering. The increasing activity of a sorbent has been explained by the pore-skeleton 
model proposed by Manovic and Anthony38 which has been discussed in the Literature 
Review. Even though an increasing trend in CO2 absorption capacity was also seen in         
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80 cycle tests of absorption capacity conducted with sorbents derived by calcining Microna 
10 limestone in a 50 vol% CO2 atmosphere for 6 hr at 1000oC, the upward trend did not 
survive throughout the 200 cycle test. For economical, industrial or commercial applications, 
a practical sorbent for CO2 may be required to withstand thousands of cycles. Therefore, the 
superiority of the sorbent derived from plaster of Paris needs to be demonstrated over many 
more cycles of CO2 absorption and desorption. 
SEM images of the sorbents prepared from calcium acetate and plaster of Paris before 
and after being subjected to a cyclic test of CO2 absorption/desorption are presented in  
Figure 46 and Figure 47, respectively. The general size and shape of the calcined calcium 
acetate particles in Figure 46 are similar to the size and shape of uncalcined particles which 
were rather spherical and hollow. The calcined particles appear to be sintered with the ones 
calcined in 50 vol% CO2 being more heavily sintered than those calcined in N2. Sintering 
seems to have been responsible for the development of new macro-size pores which appeared 
on the surface of the calcined particles.  
SEM images of the plaster of Paris showed that much of the material was present in 
the particle size range of 25 to 45 µm. Since the work with coarser limestone and dolomite 
particles showed that the stability of sorbents derived from these materials can be enhanced 
by reducing their particle size, it may prove rewarding in the future to reduce the size of the 
plaster of Paris.  
To provide more information about the absorption characteristics of calcium acetate 
and plaster of Paris, the materials were subjected to BET/BJH analyses. For these analyses, 
approximately 3 g samples were treated in a tube furnace. The results for the nitrogen  
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a)            b) 
        
c)             d) 
       
Figure 46. SEM images of the calcium acetate samples initially calcined at stated conditions followed 
by 40 cycles of carbon dioxide absorption and desorption test at 750oC. a) After initial calcination at 
1000oC in N2 for 1 hr; b) After the 40 cycle test of the sample shown in part a; c) After initial 
calcination at 1000oC in 50 vol% CO2 (balanced with N2) for 1 hr; d) After the 40 cycle test of the 
sample shown in part c. 
 
adsorption/desorption analyses are shown in Table 5. The calcium acetate sample calcined in 
N2 had the highest surface area which decreased slightly during the 20 cycle test. However, 
the cumulative pore volume of the sample increased during the cyclic test. Even though the 
absorption capacity of the sorbent calcined in 50 vol% CO2 in N2 was initially lower than that 
of the sample calcined in N2, it increased during the subsequent 20 cycle test. Therefore, by 
the end of the 20 cycle test, the BET surface area of the sorbent was only slightly less than  
89 
 
 
 
a)                        b) 
       
c)                        d) 
       
e)                        f) 
        
Figure 47. SEM images of CaO samples derived from Plaster of Paris. The material was treated 
initially to cyclic reduction and oxidation at 1070oC. Then the product was tested by 20 cycles of CO2 
absorption/desorption at 750oC followed by a 200 cycle test. a-b) SEM images of the sample after 
initial treatment collected in different magnifications; c-d) SEM images of the sample shown in part 
a-b after the 20 cycle test collected in different magnifications;. e-f) SEM pictures of the samples 
shown in part a and b after the 200 cycle test collected in different magnifications. 
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Table 5. Results of BET/BJH analysis of calcium acetate (Calcium Ac.) and plaster of Paris samples. 
Calcium acetate samples were calcined at the indicated temperature, time and CO2 pressure, before 
and after 20 cycles of CO2 absorption and desorption. Plaster of Paris was converted to CaO by a 
series of reduction and oxidation reactions conducted at 1070oC.  
 
 
 
Sample 
 
PCO2 
(atm) 
 
Temp 
(°C) 
 
Time 
(hr) 
 
 
Cycle 
BET 
Surface   
Area (m2/g) 
BJH Desorption 
Cumulative Pore 
Volume (cm3/g) 
BJH Desorption     
Average Pore 
Diameter (Å) 
Calcium Ac. 0.00 1000 1 0 15.10 0.103 250.7 
Calcium Ac. 0.00 1000 1 20 14.12 0.125 230.1 
Calcium Ac. 0.50 1000 1 0 4.908 0.014 120.1 
Calcium Ac. 0.50 1000 1 20 13.00 0.114 234.7 
Plaster of Paris - 1070 - 0 1.083 0.002 92.34 
Plaster of Paris - 1070 - 20 10.11 0.085 232.6 
Plaster of Paris - 1070 - 80 8.682 0.072 238.7 
 
that of the sorbent prepared by calcination in N2 at 1000oC. 
The BET surface area of the plaster of Paris was 1.083 m2/g after the initial treatment 
at 1070oC. During the 20 cycle test which followed, the BET surface area increased greatly, 
much more than had been observed with the limestone, dolomite and calcium acetate samples 
initially calcined in 50 vol% CO2. At the end of the 20 cycle test, the plaster of Paris sample 
had a surface area of 10.11 m2/g which was nearly the same as that of the Microna 10 sample 
after similar treatment. During a subsequent 80 cycle test of CO2 absorption/desorption, the 
BET surface area was reduced to 8.682 m2/g. These changes in the BET surface area 
appeared to be duplicated by the changes in BJH pore volume. 
The BJH desorption pore volume distributions for calcium acetate and plaster of Paris 
are presented in Figure 48 and Figure 49, respectively. The calcium acetate sample calcined 
in N2 had a very broad peak which reached a maximum value corresponding to a pore 
diameter of about 520 Å. After a 20 cycle test of CO2 absorption/desorption, the BJH 
distribution became much narrower with a much greater peak height centered around a pore  
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Figure 48. BJH desorption pore volume distribution of calcium acetate calcined at 1000oC for 1 hr in: 
(♦) N2 and 0 cycles; (■) N2 and 20 cycles; (▲) 50 vol% CO2 and 0 cycles; (x) 50 vol% CO2 and 20 
cycles. 
 
diameter of 310 Å. There results indicate that most of the pores larger than 500 Å had been 
eliminated. When the calcium acetate sample was first calcined in 50 vol% CO2 in N2, the 
resulting BJH distribution indicated almost no pore volume. However, when the sample was 
then subjected to a 20 cycle test of CO2 absorption/desorption, the resulting BJH distribution 
closely matched that of the sample calcined in N2. 
Figure 49 represents the pore volume distributions for plaster of Paris samples before 
and after being exposed to 20 cycle and 80 cycle tests of CO2 absorption/desorption. The 
surface of the plaster of Paris seemed to lack pores in the measured size range after the initial 
treatment at 1070oC, because there were no visible peaks in the observed BJH distribution. 
However, when the sample was subjected to the 20 cycle test, new pores developed and the 
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Figure 49. BJH pore volume distribution of plaster of Paris after initial treatment at 1070oC before 
and after being exposed to 20 cycle and 80 cycle tests of CO2 absorption/desorption. 
 
resulting BJH distribution had a peak value at about 300 Å. Following the 80 cycle test a 
similar peak appeared.  
The preceding results indicate that few pores were formed either when calcium 
acetate was calcined at 1000oC in 50 vol% CO2 in N2 or when CaSO4 (plaster of Paris) was 
converted to CaO at 1070oC by a cyclic process of reduction and oxidation. However, in both 
cases it was possible to create a very large concentration of pores in the 100 to 400 Å size 
range by subjecting the calcined CaO to a cyclic process of CO2 absorption/regeneration 
conducted at 750oC.   
                                             Recommended Future Research 
 Various methods for improving the absorption performance and stability of a CaO  
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based sorbent were reported in this dissertation. However, the particle size of calcium acetate 
and plaster of Paris was not varied to show its effect on the absorption performance and 
stability of sorbents derived from these materials. For further confirmation, the particle size 
of these materials should be reduced, and the resulting sorbents should be subjected to a 
cyclic CO2 absorption and desorption test. In addition, the long-term behavior of the sorbent 
derived from plaster of Paris should be validated. Moreover, a thermogravimetric analyzer 
was used to examine the absorption behavior of sorbents throughout this study. To 
investigate the behavior of sorbents in more realistic conditions, selected sorbents should also 
be tested in a circulating fluidized bed system.  
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                                          SUMMARY AND CONCLUSIONS 
The reversible absorption of CO2 by CaO at high temperature is a promising method 
for capturing and removing CO2 from a hot gas stream such as that produced by coal 
gasification or steam-methane reforming. Moreover, the method can produce a concentrated 
stream of CO2 which can be transported and stored more economically than a comparable 
dilute stream. One of the main challenges faced in using a CaO-based sorbent for CO2 is the 
loss of absorption capacity as the sorbent is subjected to a cyclic absorption and desorption 
process. In this study various potential methods for improving the stability and performance 
of CaO-based sorbents were investigated.  
An initial investigation of sorbent preparation conditions showed that the 
decomposition of Microna 10 limestone, dolomite and calcium acetate is largely determined 
by thermodynamic equilibrium so the decomposition temperature of these precursors is 
determined by the partial pressure of CO2 in the calcination atmosphere. It was also observed 
that the rate of the decomposition of Microna 10 limestone and dolomite increased as the 
temperature rose above 900oC.  
Subsequent investigation showed that all of the sorbents derived from different 
precursors experienced different changes in absorption capacity during a 20 cycle test of CO2 
absorption/desorption conducted at 750oC. The sorbent derived from calcium acetate 
exhibited the highest absorption capacity during the test, but it also underwent a 30% loss in 
capacity, whereas the sorbents derived from dolomite and plaster of Paris exhibited an actual 
gain in absorption capacity. 
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Further investigation of the effects of preparation conditions on absorption capacity 
showed that sorbents prepared from Microna 10 limestone and dolomite responded 
differently to the calcination conditions. It was found that a Microna 10 sample calcined at 
1000oC in 50 vol% CO2 in N2 for 1 hr is more stable than a sample calcined at 1000oC in  
100 vol% N2 for 1 hr. However, when a sample of dolomite was subjected to the same 
change in calcination conditions, the effect on sorbent stability was negligible. Varying the 
calcination temperature, time and CO2 partial pressure in calcination atmosphere was found 
to be an attractive method for improving the stability of Microna 10 limestone, whereas 
changes in these conditions had little effect on the absorption capacity of initial sample of 
dolomite. But when the effect of particle size was investigated, the picture changed. 
Reducing the particle size of the dolomite resulted in a sorbent with an absorption capacity 
dependent on the initial calcination atmosphere so that a sorbent calcined at 1000oC in N2 
had a larger absorption capacity than one calcined in CO2. 
Continued investigation showed that the stability and performance of a limestone-
based sorbent can be improved by the incorporation of small amounts of MgO. However, at 
the same time the absorption capacity of the material will decrease as the MgO/CaO ratio 
increases since more inert MgO is incorporated. Selected sorbents prepared by combining 
Microna 10 limestone with different sources of MgO to provide a ratio of 0.1 g MgO/g CaO 
showed that using dolomite as a source of MgO produced results similar to those achieved by 
using either pure MgO or pure MgCO3.  
In the last part of this study, the absorption characteristics of CaO-based sorbents 
derived from calcium acetate or plaster of Paris were investigated. By calcining the calcium 
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acetate at 1000oC in an atmosphere with 50 vol% CO2 or more, a more stable sorbent was 
produced than by calcination in N2. Furthermore by the end of a 40 cycle test of CO2 
absorption/desorption, the absorption capacity of the material was significantly greater than 
that of any other sorbent.  
One of the most promising results was obtained by converting plaster of Paris into 
CaO by a cyclic oxidation/reduction process conducted at 1070oC. The resulting sorbent 
exhibited an increasing trend in CO2 absorption capacity throughout a 200 cycle test. Even 
though the initial absorption capacity of the sorbent was only 1.9 mmol CO2/g sorbent, it 
increased to 6.5 mmol CO2/g sorbent after the 200 cycle test which was 10% higher than that 
of Microna 10 limestone calcined at 1000oC in 100 vol% N2 for 1 hr. In addition, the 
absorption capacity of the sorbent derived from plaster of Paris was still increasing at the end 
of the test unlike that of other sorbents. 
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